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Abstract
Torrefaction is a thermal pretreatment process which improves the energy density, storage,
grinding, and handling characteristics of raw biomass. Research efforts to date have focused on
empirical measurements of the fuel quality improvements caused by torrefaction at different
temperature and residence time conditions. Additionally, these efforts have assumed that
torrefaction is a kinetically limited process and do not account for heat transfer limitations
present in larger particles. The first component of the present torrefaction model is an analysis
of the existing experimental work which results in a detailed thermochemical and grinding
energy models. These models enable the prediction of reaction mass, energy, and species balance
as well as torrefied product characteristics such as grindability and heating value over a wide
range of reactor conditions. Based on this framework, optimal conversion conditions are
determined. The second component of the present work is a numerical unsteady one-dimensional
single particle model where conservation equations are solved by a custom code in MATLAB.
The effects of coupled thermochemical, kinetic, and heat transfer phenomena are analyzed. A
comparison of two classes of torrefaction reactors (fixed/moving bed and fluidized bed) is made
based on simulation results.
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1. Introduction
1.1. History
Biomass has played the primary role in supplying mankind's energy needs for thousands of
years. It was only until the late 1800's when fossil fuels became the dominant resource for
electricity and transportation fuel production. Their superb energy density and abundance sets
technical and economic standards which alternative fuels must strive to achieve. This reliance on
fossil fuels for the past century has resulted in unsustainable emissions of greenhouse gases and
concerns of over-dependence on imports. On the other hand, utilization of biomass releases
carbon dioxide recently absorbed from the atmosphere -instead of carbon dioxide absorbed
thousands of years ago. Thus, it is considered neutral from a greenhouse gas (GHG) emissions
perspective (Basu 2010). Moreover, biomass is attractive because it can be produced
domestically and -if sustainably re-grown- it can be considered renewable. Also, the potential for
biomass production, transportation, and conversion industries to spur domestic employment and
economic growth contributes to its political and economic appeal (Nag 2010).
1.2. Biomass to liquid fuels
Currently the most widely adopted pathway for converting biomass to liquid fuels consists of
hydrolysis and fermentation of starches and sugars to produce ethanol. In 2009, global
bioethanol production stood at 74 billion liters/year with more than half of that coming from the
US alone (Renewable Fuel Association 2010). With renewable fuel standards in both the US and
EU, these numbers will continue to rise. However, these first generation biofuels have several
drawbacks. In addition to the significant energy inputs required, their production can have
negative impacts on the environment and food economy (Zhang 2010). Moreover they are
quickly approaching the limitation for blend concentration in the current fuel distribution and
utilization infrastructure.
Second generation bio-fuels are distinguished from their predecessors because they
utilize lignocellulosic biomass as a feedstock. Lignocellulosic biomass has several advantages
over traditional starchy or sugary crops like corn. It is the most abundant and affordable form of
biomass and includes a variety of inedible feedstocks including agricultural/forest residues,
organic wastes, and dedicated energy crops (i.e miscanthus, willow, switchgrass). The growth
rate or productivity of these energy crops is between 30-240 boe/ha-year (1-6 W/m2), and the
cost per energy (in raw form) of lignocellulosic biomass of $11-39/boe is lower than the current
price of crude oil which is more than $100/bbl (Huber et al. 2006; US Energy Information
Administration 2011). Note that this does not include the cost to convert it from its raw form into
a desirable liquid fuel.
The three main pathways for lignocellulose conversion are shown in Figure 1-1 and are
either thermochemical or hydrolytic processes. In the high temperature (>700 C)
thermochemical conversion route, biomass is gasified into syngas from which it can be
catalytically transformed into liquid hydrocarbons via fischer-tropsch.
In the medium temperature (500 C) thermochemical conversion route, biomass is
pyrolyzed into bio-oil- a corrosive, un-stable, liquid mixture of water, tars, aromatic compounds,
and char (Q. Lu et al. 2009). With additional hydrogen, the bio-oils can be upgraded via de-
oxygenation or catalysts to create standard liquid fuels (i.e diesel). Alternatively, the bio-oils
could also be fed into the gasification route.
In the hydrolysis pathway, advanced enzymes or bacteria are used to process the cellulose
and hemicellulose into sugars which can be further fermented to make ethanol. The lignin is
either processed separately or combusted to provide power for other steps.
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Figure 1-1 Conversion pathways for lignocellulosic biomass to liquid fuels (Huber et al. 2006)
This thesis will focus on the gasification route. Its advantages include life cycle thermal
efficiencies' between 16-40% (LHV basis) as well as an estimated minimum synthetic fuel price
between $2.7-3.6/gallon (Spath & Dayton 2003). This pathway utilizes existing industrial
technologies (i.e gasifiers, FT units), and produces synthetic fuels also which offer a high
compatibility with the current transportation infrastructure.
Despite this, biomass gasification faces many technical hurdles. Raw biomass is far from
an ideal gasification feedstock, and its heterogeneous and variable nature makes characterization
methods very important. Moreover, biomass gasification to liquid fuels is only at the pilot scale
and is far from full-scale commercialization. As Damartzis and Zabaniotou mention in their
recent review, this pathway is characterized by a combination of multi-parameter and integrated
process steps, and as a result, component modeling and overall system optimization is a
challenging and on-going task. (Damartzis & Zabaniotou 2011).
1.3. Biomass gasification
Gasification aims to convert solid biomass fuel into synthesis gas via partial oxidation with a
gasifying agent (steam, air, or oxygen) at elevated temperature (>500 C). The three main classes
of direct gasifiers are fixed bed, fluidized bed, and entrained flow each with different
hydrodynamics, performance, operating conditions, and feedstock requirements.
1.3.1. Fixed Bed
Fixed beds can be divided into updraft and downdraft gasifiers (see Figure 1-2). Though they
differ in the arrangement by which fuel and air are fed into the gasifier, both designs exhibit
distinct temperature regions where drying, pyrolysis, reduction, and combustion occur.
Life cycle energy ratio defined as: Efuelproduct /(Eossi + Ebiomass energy consumed )
UPDRAFT DOWNDRAFT
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Figure 1-2 Design of fixed bed gasifiers updraft versus downdraft (Belgiorno et al. 2003).
Due to its counter-current design, the outlet gas temperature of updraft gasifiers is low (200-400
'C) and tends to contain high concentration of tars (30-150 g/Nm 3) which are generated in the
pyrolysis zone (Quaak et al. 1999). Downdraft gasifiers have higher gas outlet temperatures of
600-800 C and much lower tar concentrations. Both designs utilize biomass particle sizes
ranging from 0.5-10 cm, but are limited in maximum scale (<10 MWth for updraft and <1 MWth
for downdraft) (Maciejewska et al. 2006). This is due to the difficulty in maintaining radial
temperature uniformity as the gasifiers become larger.
1.3.2. Fluidized Bed
Fluidized beds can be divided into bubbling fluidized bed (BFB) and circulating fluidized bed
gasifiers (CFB) (see Figure 1-3). In both cases, they use steam or air as a gasifying agent at
atmospheric or elevated pressures. Large scale oxygen blown pressurized fluidized bed gasifiers
are not commercially available (van der Drift et al. 2004).
Uniform, isothermal operation arises from the high heat transfer rates and thermal inertia
of the fluidizing agent- usually silica sand. As a result, all steps (drying, pyrolysis, and
gasification) occur in one well-mixed stage. In one CFB design, the fast internal circulating
fluidized bed (FICFB), oxidizing agent feeds into the recycle loop (instead of the gasifier
section) while steam is fed into the gasifier. This results in a distinct combustion zone in the
recirculating loop (Lettner et al. 2007).
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Figure 1-3 Air blown bubbling fluidized bed (BFB) and circulating fluidized bed (CFB) (A. Gomez-Barea & Leckner 2010).
In BFB's, lower gas velocities of 1-3 m/s limit bed expansion to the lower portion;
however, in CFB's the high gas velocities between 5-10 m/s cause uniform expansion (Belgiorno
et al. 2003). Hence, a cylcone to separate unreacted char and re-circulating loop are utilized.
This loop is also improves the overall char conversion and reduces particulate content in the gas
output compared to BFB's (Maciejewska et al. 2006).
Due to their uniform nature, fluidized beds do not suffer from the same scaling
limitations that fixed beds experience and can achieve up to 100 MWth sizes (Lettner et al.
2007). However fluidized beds suffer from high tar concentrations of 6-12 (g/Nm 3) which
necessitate expensive gas clean up equipment. The tars arise from the operating temperature
limitations (700-950 C) which exist to prevent ash softening and agglomeration issues (M. J.
Prins 2005).
1.3.3. Entrained Flow
Entrained flow gasification is characterized by small particle sizes (<1000 pm), high particle
velocities, and high temperatures (1000-1300 C) which result in rapid conversion and low tar
syngas (Lettner et al. 2007). Ash melts and forms a slagging layer which serves to protect the
gasifier walls.
Coal Steam,Oxygen
or Air
Entrained-Flow
Gasifier
..-Gas
Slag
Figure 1-4 Generic diagram of entrained flow gasifier (Phillips 2006)
Entrained flow gasifiers can be operated at higher pressure with pure oxygen resulting in reduced
gasifier size and increased syngas heating value. Pressurized operation requires either lock
hopper or slurry feeding systems. Entrained flow gasifiers for coal can scale to large (200-500
MWth) however biomass co-feeding rates usually do not exceed 15-20% ((Maciejewska et al.
2006). A summary comparing key operating parameters and feedstock between gasifier types is
shown in Table 1-1.
Table 1-1 Summary of gasifier types and operational parameters (Quaak et al. 1999; Belgiorno et al. 2003; McKendry 2002)
Operating Operating Tar
Gasifier Type temperature pressure Particle Size Scale concentration Syngas LHV
(OC) (bar) (cm) (MWth) (g/Nm3 ) (MJ/Nm3)
Fixed Bed (Updraft) 700-1000 1 1-10 <10 30-150 5-6
Fixed Bed (Downdraft) 700-1000 1 1-10 <1 0.015-.5 4.5-5
Circulating Fluidized Bed 700-950 <20 <4 <100 6-12 5
Bubbling Fluidized Bed 700-950 <20 <8 <100 6-12 5
Entrained Flow 1000-1300 20-40 <0.1 200-500* (Low) 10-12
1.4. Research objective
This objective of this thesis is to review challenges related to raw biomass gasification and
develop detailed multi-scale models and simulations for torrefaction- a thermochemical
pretreatement process which upgrades the fuel qualities of raw biomass. The approach to
modeling focuses on the thermal, chemical, and physical alterations caused by torrefaction at the
particle scale. By understanding these fundamental particle scale processes, a wider range of
valid operating conditions as well as more granular output data is possible compared to existing
models published in the literature. The particle scale models can then inform reactor-scale
models, designs and operation. At the highest scale, integration of these models into ASPEN
flowsheet models, allows for optimization of process design.
1.5. Outline of the thesis
The thesis is broken into six chapters. Chapter 2 provides an introduction to biomass
characterization and properties. It covers a range of relevant upstream fuel properties related to
storage, feeding, and handling and describes how these affect the gasification feasibility of raw
biomass.
Chapter 3 continues with a literature review of torrefaction. In addition to describing how
torrefaction affects the physical and chemical properties of biomass, it details the limitations of
existing torrefaction models.
Chapter 4 details the development, assumptions, and framework of the particle scale torrefaction
model. This model is broken into three main sub-models. The first is a thermochemical and
kinetic model of torrefaction, which provides a complete description of the mass, energy, and
species balance in addition to conversion rates. Next, a comminution energy model describes the
grinding energy reduction caused by torrefaction. Lastly, the coupling of the thermochemical
model with a particle heat transfer model enables analysis of the heat transfer limitations and
sensitivity to particle size and geometry.
Chapter 5 discusses results from the thermochemical, comminution, and heat transfer models.
When possible, sub-model results are verified against experimentally available data from the
literature. Recommendations for reactor design and process conditions based on the single
particle torrefaction simulation results are made.
Chapter 6 presents conclusions and recommendations for future work in the particle scale
modeling of torrefaction and pyrolysis of biomass.
2. Biomass characterization and utilization issues
2.1. Biomass definition
Biomass is a broad term which refers to non-fossilized biodegradable organic material derived
from plants and animals (UNFCCC 2005). All plant derived biomass contains an inedible
lignocellulose portion which provides structure in the form of trunks, stems, leaves, and
branches. Certain plants may additionally produce edible fruits and seeds which contain
carbohydrates (starch and sugar), fat, and protein. Woody plants like trees, shrubs, and vines are
characterized by stems covered in thickened bark and are non-herbaceous. This means that they
maintain a perennial stem above the ground. Trees can be further divided into hardwoods
(angiosperms), which are deciduous and lose their leaves annually, and softwoods
(gymnosperms), which are coniferous, and do not lose their needles. Herbaceous plants, which
2include most types of grasses , have stems and leaves which die annually at the end of the
growing season.
2.2. Biomass composition and structure
Whether biomass is derived from woody or herbaceous plants, its four main components are cell
wall components, extractives, ash, and moisture.
The cell wall is composed of between 80-90% (dry ash free basis) hemicellulose,
cellulose, and lignin in varying proportions (Bergman, Boersma, Kiel, M. J. Prins, et al. 2005;
Bridgeman et al. 2010). The cell wall composition of different types of biomass can vary widely
(see Figure 2-1). Woody biomass (see willow) tends to contain a higher lignin and lower
hemicellulose content than herbaceous biomass (wheat straw). Bamboo has markedly high
lignin content.
2 Although bamboos are defined as grasses, certain species are woody and nonherbaceous while others are
Bamboo Willow
" Hemicellulose
" Cellulose
" Lignin
,
Figure 2-1 Cell wall composition for wheat straw, bamboo, and willow. Adapted from: (Bridgeman et al. 2010, p.848; W. H.
Chen & Kuo 2010, p.2581)
2.2.1. Cellulose
Cellulose is the primary component of most kinds of biomass and is earth's most common
organic compound. It is a long linear chain polymer formed by 10,000-15,000 glucose units (see
Figure 2-2) linked by glycosidic bonds (Nag 2010). The hydroxyl groups which project from the
sides of the cellulose chain contribute to intrachain hydrogen bonds (Raven & Eichhorn 2005).
On a microscopic level, the long cellulose molecules are found to bundle to form microfibrils 10-
500 pm in diameter (Gaur & T. B. Reed 1998). This orderly arrangement and tight winding
together of fibrils contributes to the mechanical strength of the plant cells.
2.2.2. Hemicellulose
Unlike cellulose which is a homopolymer, hemicelluloses are amorphous branched mixtures of
polysaccharides (Nag 2010). The degree of polymerization ranges from 150-250. Different
forms of hemicellulose polymers exist in different types of biomass. While herbaceous biomass
contains primarily arabinoxylan, deciduous woods contain primarily xylan 3 (80-90% weight),
3 4-0 methyl glucoronoxylan is referred to as xylan.
Wheat Straw
and coniferous woods contain 60-70% glucomannan and 15-30% arabinogalactan (Gaur & T. B.
Reed 1998).
Along with pectins and glycoproteins, hemicellulose binds together the cellulose
microfibrils in a cross-linked matrix (Raven & Eichhorn 2005). Plant cells are often compared to
reinforced concrete with the cellulose microfibrils akin to reinforcing steel rods and the
hemicellulose matrix acting as concrete.
Cellulose Hemicellulose
Ho Io CH,01H HHO IJo
H 0- 
- O i OfCHOH Oil CH2OH OH 0 00 -
Lignin
R 3 2 lydroxyphenyl: R, = 1H, R2 = H1
4/ 1 \ t K1  1 1HO ___-C-- Guaiacyl: R, = H. R2 = OCI3
R 6 Syringyl: R, =0OCII. R2=OCH3
Figure 2-2 Molecular structures for cellulose, hemicelluloses (xylan), and lignin (Nag 2010).
2.2.3. Lignin
Lignin consists of phenylpropane units linked through ether and carbon-carbon linkages. The
strength of these carbon-carbon linkages is what provides lignin with high resistance to thermal
and chemical degradation. Deciduous woods tend to contain guaiacylpropane units while
coniferous woods contain the guaiacylpropane and syringylpropane units (Gaur & T. B. Reed
1998). Lignin is found primarily in the middle lamella and binds together adjacent cells. By
encasing the hemicellulose and cellulose components, it protects the plant from enzymatic and
microbial attack.
2.2.4. Extractives
Extractives are nonstructural compounds including proteins, oils, starches, and sugars. They
provide plants with odor, color, and durability and can be extracted by hot water or other
solvents. Bark contains 4-5 times more extractives than wood (Nag 2010).
2.2.5. Ash
Ash is inorganic solid residue remaining after a fuel undergoes complete combustion. It often
contains carbonates, phosphates, and sulfates of silica, calcium, magnesium, sodium, and
potassium. Ash components vary between biomass types and sources. Some mineral components
may not be inherently contained in the biomass, and they may actually be from dirt and other
impurities picked up during the collection process. Figure 2-3 compares some of the chemical
components of straw versus woodchips. Of note is the lower ash content of woodchips (~8.6
g/kgoei) compared to the straw (-35 g/kgrue1) and the particularly high potassium and silicon
content of straw.
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Figure 2-3 Major ash forming components of willow compared to straw. Source: Adapted from (Van Loo & Koppejan 2008,
p.44).
2.2.6. Moisture
Due to water's role in transpiration, photosynthesis and fluid transport, raw biomass contains
characteristically high amounts of moisture. Moisture can be divided into free (also called
external or imbibition) and inherent (also called bound or saturation) moisture. The former is
defined as moisture above the fiber saturation point (FSP) and generally resides outside the cell
walls in the cavities of conductive vessels (Francescato et al. 2008). The inherent moisture
content resides within the cell walls and is a function of relative humidity and air temperature
(Basu 2010).
Moisture content can be measured on a wet or dry basis. The difference is whether the
moisture mass is divided by the original wet mass or the final dry mass, respectively. For very
wet biomass like manure, moisture content on a dry basis exceeds 1. The moisture contents (wet
basis) for various types of raw biomass are shown in Figure 2-4.
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Figure 2-4 Moisture content (wet basis) of various types of biomass. Source: Adapted from (Basu 2010, p.53)
2.3. Biomass properties and characterization
Properties relevant to gasification and combustion include the density, heating value, biological
decay rate, moisture uptake rate, particle size/shape, and ash content. In each sub-section the
property is defined and then its effect on biomass utilization is discussed. When applicable, the
comparisons to coal are drawn.
2.3.1. Volumetric density
Bulk density and particle density (also known as apparent density) are important when
considering the transportation, storage, and handling of biomass. The lower the bulk density is
the larger equipment required. Particle density also affects feeding equipment costs and is used
to compare the quality of biomass pellets. Bulk density is defined as the total mass of a stack of
biomass particles divided by their total volume. Thus, it includes the interstitial volume between
the particles and depends on how the particles are packed.
Table 1 demonstrates how biomass bulk density varies widely depending on the type of
biomass and how it is packed. Straws, grasses and other herbaceous biomass face particular
challenges because of their low bulk densities, especially compared to coal (~800 kg/mA3).
Particle density is a measure of the density of the material itself and does not consider the
interstitial spaces between particles. It depends on how the biomass is processed. In the case of
certain irregularly shaped raw biomass (e.g., tree branches or piles of straw), particle density may
not be a relevant or easily measurable quantity. Particle density can be changed by certain
treatment processes like pelletization or milling/grinding.
Table 2-1 Biomass bulk (volumetric) densities of different biomass and packing types. (Sources: (Food and Agriculture
Organization of the United Nations 2004, p.25; TAPCO 2003; Van Loo & Koppejan 2008, p.40)
Packing Type Specie or Type Bulk Density 1000 80
(kg/rn) 900 -
Stacked logs Beech 460 80o
Stacked logs Spruce 310
Woodchips (30% M.C) Softwood 260
Woodchips (30% M.C) Hardwood 320 600
Bark Softwood 205 4 500 385
Bark Hardwood 320 0 400
Sawdust (not specified) 170 250
0300
Round bales Straw, 85 E
Round bales Hay 100 2 200 ---
Block bales Straw, Miscanthus 140 : 100
Block bales Hay 160 0
Chopped Straw, Miscanthus 70 Round bales Wood chips Wood logs Coal
Mined Coal, llinois#6 800 (hay) (30% M.C w.b.) (stacked) (Bituminous)
Variation in bulk density for a specific type of biomass (i.e wood logs) can be attributed to
differences in specie and moisture content. For example, oven-dry (0% M.C.) raw softwood
chips may have a bulk density of only 180-200 kg/m 3 while raw (50% M.C) hardwood chips
have bulk density between 450-480 kg/m 3 (Francescato et al. 2008). For drying above the
equilibrium moisture content (>23% M.C.), no volumetric shrinkage occurs so density decreases
(Bowyer et al. 2007). However when wood is dried past the FSP (<23% M.C.), it experiences
volumetric shrinkage up to 10-20% depending on the type of wood (Francescato et al. 2008). As
a result, density continues to decrease but at a slower rate.
2.3.2. Heating value
The lower heating value (LHV) -also known as net calorific value (NCV) - and the higher
heating value (HHV) -also known as the gross calorific value (GCV)- of a fuel are common
measures of the heat released during combustion under certain conditions. In both cases, the
reactants start at 25 0C and the combustion products are brought back down to 25 'C; however,
since the former does not include the recovery of latent heat from condensation of water vapor
released during combustion it is lower.
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Figure 2-5- Effect of moisture content (wet basis) on the lower heating value of wood (MJ/kg). Source: (Food and Agriculture
Organization of the United Nations 2004, p.23)
As a result, high moisture levels in biomass reduce the lower heating value, combustion
temperature, and gasification efficiency. Figure 2-5 shows the effect of moisture content on the
net calorific value (lower heating value) for wood. If a fuel is wet enough, the lower heating
value can actually be reduced to negative values. In the case of woody biomass, this occurs
when the wood has approximately 90% moisture content (wet basis). In practice however,
combustion cannot occur at with such high moisture levels. For example, wood fired boilers
cannot maintain the minimum temperature required to sustain combustion if the wood moisture
content exceeds 60% (wet basis) (Van Loo & Koppejan 2008).
On an oven dry basis, herbaceous feedstocks have an LHV of 17-17.6 MJ/kg while
woody feedstocks are between 18.5-19 MJ/kg (Francescato et al. 2008). These differences can
be attributed to the differences in celloulosic, ash, and extractives content. Figure 2-6
demonstrates the variability in oven dry LHV for biomass and cellulosic components.
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Figure 2-6 LHV of biomass and its cellulosic components (Francescato et al. 2008)
Depending on the type and source- the lower heating value of coal can range from 20.6 MJ/kg
(lignite) to 29.7 MJ/kg (anthracite) (Food and Agriculture Organization of the United Nations
2004). Bituminous or sub-bituminous coal types are commonly used for power generation and
typically have an LHV around 24.45 MJ/kg (Illiniois # 6) (Ghamarian & Cambel 1982).
2.3.3. Bulk energy density
The product of volumetric density and heating value results in the bulk energy density. Costs and
maximum capacities for long distance biomass transportation systems (i.e trucks, trains, tractors)
are defined by volume and not by mass (Van Loo & Koppejan 2008). Therefore from a logistics
and economics perspective, bulk energy density is one of the most important parameters in
considering biomass energy systems
Table 2-2 compares typical energy density of various types of biomass versus standard
fossil fuels. Note that they are all between three to 15 times less energy dense than bituminous
coal and five to 20 times less dense than diesel.
Table 2-2- Bulk energy densities for various packing types, species, and moisture contents of biomass compared to coal. Sources:
(Van Loo & Koppejan 2008; Food and Agriculture Organization of the United Nations 2004; Ghamarian & Cambel 1982; Q. Lu
et al. 2009)
Packing Type
Stacked logs
Stacked logs
Woodchips
Woodehips
Bark
Sawdust
Round bales
Round bales
Block bales
Block bales
Mined
Moisture Content
(%w.t. w.b.)
20
20
30
30
50
50
15
15
15
15
10
Specie or Type
Beech
Spruce
Softwood
Hardwood
Softwood
(not specified)
Straw, Miscanthus
Hay
Straw, Miscanthus
Hay
Coal, Illinois # 6
LHV
(MJ/kg w.b.)
15
15
12.2
12.2
8.2
8
14.5
14.5
14.5
14.5
24.5
Energy Density
(GJ/m3)
6.9
4.7
3.9
3.1
2.7
1.9
1.2
1.5
2.0
2.3
20
2.3.4. Ultimate and proximate analysis
Ultimate and proximate analyses are common and standardized assays used to characterize solid
fuels. An ultimate analysis determines the weight percent of carbon, hydrogen, oxygen, nitrogen,
and sulfur and can be reported in multiple bases (as received, dry, and dry ash free). A proximate
analysis reports the moisture content, ash, volatile matter, and fixed carbon. The ultimate
analysis of willow, straw and coal (dry basis) are compared in Figure 2-7. Note the
characteristically high carbon (60-80 % w.t.), sulfur (0.5-3 %w.t.), and nitrogen (0.8-1.5 %w.t.)
of coals compared to biomass. Also of note is the fact that herbaceous biomass tends to have
characteristically high chlorine ash content compared to wood or coal. For example, straw, grass,
and hay have between 0.3-2.0 %w.t. (Maciejewska et al. 2006) As will be discussed in section
2.4 this introduces unique challenges to herbaceous biomass.
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Figure 2-7 Typical ultimate analysis (dry basis) of willow, straw and coal. Adapted from (Maciejewska et al. 2006, p.29).
The proximate analysis of willow, straw, and bituminous coal are compared in Figure 2-8. Note
the characteristically high volatiles contained in biomass (75-82 %wt d.b.) versus coal (36 %wt
d.b.). These volatiles contribute to the reactivity of biomass which is evidenced by its lower
ignition temperatures compared to coal (see Table 2-3). The low fixed carbon level in biomass
(10-20 % w.t. d.b.) versus coal (55 % w.t. d.b.) is also significant.
100
90
+ 80
70
60
50
40
30
20
10
0'
Willow
* Straw
* Coal
Figure 2-8 Proximate
Bridgeman et al. 2008)
Willow N Straw E Coal
11
Moisture (a.r.)
30
30
13.8
analysis of wiillow, stra
Volatiles (d.b) Fixed Carbon (d.b) Ash (d.b)
82 14.55 0.87
74.5 18.15 3.56
36.45 54.6 8.95
w, and bituminous coal. Sources: (UNFCCC 2005; Donahue & Rais 2009;
Table 2-3 Ignition temperature (C) and volatile matter (% dry ash free) for biomass and coal fuels (Source: Basu, 2010 p. 48)
Fuel Type Ignition temperature Volatile Matter
(OC) (% w.t. dry ash free)
Wheat Straw 220 72
Poplar Wood 235 75
Eucalyptus 285 64
High Volatile Coal 670 34.7
Medium Volatile Coal 795 20.7
Anthracie 930 7.3
2.3.5. Biological decay rate
Storage of biomass is necessary because many types of biomass- especially herbaceous biomass-
are seasonal and not harvested year round. The moisture content, energy value, and dry matter
content of biomass can all be negatively affected by microbiological activity during storage.
Enzymes and mesophilic organisms contribute to self heating up to about 60 'C and between 75-
80 'C thermophilic bacterial activity causes further decay (Francescato et al. 2008; Van Loo &
Koppejan 2008). The rate of decay is strongly affected by the initial moisture content and size of
the biomass particles. Smaller and moister particles lead to less ventilation and higher
temperature (Wihersaari 2005). In one Swedish study, forest residue with an initial moisture
content of 58% experienced dry matter losses of 15.5% over a six month period. Figure 2-9
demonstrates the results of the same study. Note the strong positive relationship between initial
moisture content and monthly dry matter losses. European specifications CEN/TS 14961
designates 30% moisture (wet basis) as suitable for storage and 20% as dried.
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Figure 2-9 Dry matter losses (% initial weight) versus initial moisture content (wet basis). Adapted from (Maciejewska et al.
2006, p.63).
This dry matter loss reduces the energy content of the remaining wood and also generates potent
greenhouse gas emissions of methane and nitrous oxide. In some cases, the emissions from
storage exceed the emissions from the rest of the biofuel utilization chain 4 (Wihersaari 2005).
2.3.6. Moisture uptake rate
Another problem encountered during the storage of biomass relates to the uptake of moisture
even after drying. Macroporosity- created by the conductive vessels and parenchymal cells- and
microporosity from the cell wall components makes biomass prone to moisture absorption. The
hydrophilic nature is explained by the abundance of hydroxyl (OH) groups in the cellulose and
hemicellulose (see Figure 2-2), which result in hydrogen bonds with water molecules (Tumuluru
et al. 2010).
In one attempt quantify biomass moisture uptake, Pimchuai and coworkers submerged
different types of raw biomass5 in water for 2 hours followed by re-measuring their moisture
content. Depending on the type of biomass, the moisture content (% dry basis) was increased by
between 36-198 percentage points (Pimchuai et al. 2010).
4 This includes emissions related to collection, chipping, and transportation, fertilizer production and recirculation of
ash.
5 Rice husks, sawdust, peanut husks, bagasse, and water hyacinth.
2.4. Biomass utilization issues
2.4.1. Particle geometry and size reduction
Raw biomass can come in a wide variety of particle geometries and several steps are required
before uniform feeding into a furnace or gasifier is possible. Size reduction- a necessary
preparation step- is difficult and energy intensive. Even after size reduction, biomass maintains a
fibrous nature introducing certain difficulties in feeding. Last, solid fuel feeding into a
pressurized gasifier - traditionally done with water slurries or pneumatic transport with lock
hoppers - is particularly difficult for biomass.
Initial size reduction consisting of harvesting, sawing, and chipping results in wood
particles between 20-70mm (length) and requires minor electrical inputs. A high power wood
chipper consumes between 34-38 Ldiese/hour with a processing throughput of 13-20 tons of
wood/hour (Francescato et al. 2008). This corresponds to an electrical grinding energy
consumption between 0.0015-0.0026 J/kg (18-31 kWhe/ton). In terms of thermal energy input
(based on the LHV of diesel), this is between 73-125 kWhth/ton, which is only a small
percentage of the heating value of the raw biomass (2500-3600 kWhth/ton).
Grinding to particles below 1 cm requires much more significant energy inputs. Miao and
coworkers experimentally investigated the energy requirements and density effects of grinding of
willow, switchgrass, and miscanthus. They began with willow chips with dimensions of 0.6-5.8
cm x 0.6-7.6 cm x 0.5-2.5 cm. They determined an inverse power law relationship describing
the grinding energy (see Equations 2-1 and 2-2) based on the particle geometric length or final
particle aperture size.
Eg, =a 2-1
Eg, =C 2-2
sP
where Eg, is the energy required to grind the raw biomass in kJ kg-1 Lp,r is the geometric mean
length of the product in mm, and Sp, is the product sieve size in mm. The coefficients a through
d are summarized in Table 2-4.
Table 2-4 Power law grinding energy coefficients for miscanthus, switchgrass, and willow. Source (Miao et al. 2011)
Biomass Type a b c d
Miscanthus (air dry) 26.79 3.521 934.6 1.138
Switchgrass (air dry) 131.6 2.178 893.6 1.075
Willow (air dry) 859.1 1.6 2408 1.103
In interpreting these coefficients, the value of the "a" coefficient is the energy (kJ/kg) required to
grind to a 1 mm geometric mean length. The value of the "c" coefficient is the energy (kJ/kg)
required to grind particles to a 1 mm aperture size opening.
For air dried willow, "a" (859 kJ/kg) is almost seven times higher than that of switchgrass
(131.6). Figure 2-10 plots this inverse power law relationship for particle lengths between 0.2
mm to 10 mm.
Based on these results, it is clear that grinding biomass to sizes smaller than 1 mm is
infeasible. The grinding energy becomes a very significant fraction of the heating value of these
feedstocks. For example, to achieve a 0.5 mm willow particle size, 2.6 MJ/kg or 700 kWhe/ton
is required. This represents more than 13% of the dry heating value of the fuel. Assuming a
thermal to electric conversion efficiency of 33%, this corresponds to more than 39% of the
thermal energy in the fuel. For a 0.2 mm willow particle size, the grinding energy requirement
exceeds the heating value of the fuel.
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Figure 2-10 Electrical grinding input for willow, switchgrass, and miscanthus (Miao et al. 2011).
Unlike coal particles which are uniform and spherical after grinding, biomass is non uniform,
fibrous, and cylindrical in geometry. It is well established that the aspect ratio and shape factor
(spherical, cylindrical, slab) of biomass are important factors in predicting key particle
conversion parameters in both combustion and pyrolysis systems (Gera et al. 2002; Kersten et al.
2005; H. Lu et al. 2010). Current sieving and classification equipment are based on only a single
dimension which applies well to spherical particles such as coal. The inherent multi-dimensional
aspect of biomass increases both characterization and modeling complexity. Although detailed
characterization of particle geometry as a function of size, feedstock, and grinding technique has
yet to be described in the literature, single particle models usually assume cylindrical geometry
with aspect ratios (lp/dp> 5). Accurate modeling of low aspect ratio cylinders (lp/d, < 5) requires
two dimensional models or a 1D model with appropriate correction factor (Kersten et al. 2005).
Moreover, fibrous linkages between particles makes handling difficult and proper
fluidization impossible (van der Drift et al. 2004; Arias et al. 2008). These are evident in a
micrograph of raw Eucalyptus after it has been pulverized and sieved through a 450pm mesh is
(see Figure 2-11).
Figure 2-11 Raw eucalyptus wood milled retained by a 450 pm mesh. Source: (Arias et al. 2008)
2.4.2. Slurry pumping and feeding
Slurry feeding is a proven process for coal feedstocks and can reach pressures between up to 200
bar (Higman & van der Burgt 2003). The pulverized feedstock is premixed in an agitation tank
from which it is pressurized using piston pumps. Slurry preheating can be applied and improves
atomization and gasification efficiency. Coal slurries of 60-70 %wt. are achievable with water.
Slurry feeding is not advisable for use with raw biomass for several reasons. As Figure
2-12 shows, biomass-water slurries cannot achieve high levels of solid loading. Even when the
biomass is milled to less than 0.5mm size particles, the solid loading is only around 15% (by
weight). This is substantially lower than the solid loading achievable with coal water slurries
(65-68% by weight). The reason for the low solid loading arises from the hydrogen bonding
which occurs between the hydroxyl groups present in the lignocellulose and the water molecules
(He et al. 2009). This low solid loading results in a slurry with low carbon content-not ideal for
gasification. While coal slurries contain around 50% carbon by weight, biomass slurries contain
only 8-10% carbon (J.M. Norbeck et al. 2008).
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Figure 2-12 Maximum solid loading for biomass-water (pine wood) and coal-water slurry (% weight). Source: (He et al. 2009)
2.4.3. Lock hopper pressurization with dry pneumatic feeding
Dry, pulverised coal can be fed into high pressure gasifiers (entrained flow) using a system of
hoppers (see Figure 2-13). After the lock hopper is filled by the atmospheric hopper, it is
subsequently pressurized. Then, the valve between the lock hopper and high pressure hopper is
opened. From the high pressure hopper, the solids are fed pneumatically into the pressurized
gasifier. In order to transport between the pressurized hoppers, the pulverized solids must be
maintained in a smooth, fluidized state. The fluidizing agent (usually nitrogen or carbon dioxide)
requires significant energy consumption for pressurization and contaminates or dilutes the
gasifier syngas output. For coal, this costly system involves several complexities and can
practically attain feeding pressures of 30-40 bar (Higman & van der Burgt 2003).
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Figure 2-13 Pressurized pneumatic feeding for coal gasification. Adapted from (Higman & van der Burgt 2003; Bergman,
Boersma, Kiel, M. J. Prins, et al. 2005)
Pressurized pneumatic feeding with lock hoppers is even more challenging for raw biomass.
Due to the low density of biomass, large amounts of inert carrier gas are required to pressurize
the lock hoppers. Additional inert gas is then required to transport the particles from an
intermediate fluidized bed (also known as a blow tank) into the gasifier. Not only does this gas
pressurization require 0.027 kWe/kWth of electricity, but it also reduces the gasification
efficiency due to syngas dilution by 3.9% (van der Drift et al. 2004). Coal powder only requires
.007 kWe/kWth of electricity and reduces gasification efficiency by 1.3%.
2.4.4. Lock hopper pressurization with screw feeding
An alternative to pneumatic feeding is screw feeding (see Figure 2-14). Compared to pneumatic
feeding, it introduces 67% less inert gas to the gasifier (2 m3 per ton of fuel versus 6 m3) (van der
Drift et al. 2004) Screw feeding for gasification is a commercially proven system for biomass
and coal feedstocks. The minimum biomass particle size for screw feeding is 0.5 mm (van der
Drift et al. 2004).
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Figure 2-14 Diagram of lock hopper with screw feeding (Mills 2004).
2.4.5. Hydraulic piston pressurization with screw feeding
Hydraulic piston pressurization is a non-continuous system which uses a piston(s) to compress
the feedstock into a plug. Due to the design of the plug geometry, adequate friction is created
resulting in a sealed pressure difference of up to 40 bar. The fuel plug (or briquette) then enters a
disintegrator (also known as a plug breaker) which grinds the plug into small particles. Lastly, a
screw feeder continuously feeds the fuel into the gasifier (van der Drift et al. 2004).
The advantage of piston feeding is that it drastically reduces the pressurization of inert
gas compared to existing lock hopper systems and can handle a variety of pretreated and raw
biomass sizes and types. TK Energi (Denmark) and the Southern Research Institute (USA)
recently (May, 2011) demonstrated the feasibility of their prototype piston system with coal,
woody, and herbaceous biomass feedstock at a pressure up to 30 bar (Southern Research
Institute 2011).
2.4.6. Dry solids pumping
Stamet Inc. of North Hollywood, CA in cooperation with National Energy Technology
Laboratory developed and commercialized a pressurization and feeding technology called
Posimetric@ solids feeding. It relies on a continuously rotating element producing a constant and
uniform stream of fuel into the gasifier (see Figure 2-15). It is similar to the piston method
because it requires no additional inert gas and offers lower cost, improved reliability, and
increased flow control, over conventional lock hopper systems (Hoffman et al. 2005).
The technology was recently purchased by GE Energy in 2007 (Breault 2008). They are
currently partnered with Idaho National Lab (INL) in testing the Posimetric pump at the
demonstration scale with biomass and coal mixtures (Gillette 2009).
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Figure 2-15 Diagram of Stamet Posimetric@ pressure feeding system (Aldred & Saunders 2005).
2.4.7. Gasification particle size requirements
Regardless of the feeding method used, size reduction of biomass is necessary for sufficient
conversion in the gasifier. ECN cites multiple laboratory scale entrained flow gasification studies
where it was found that the maximum particle size for adequate conversion of biomass particles
was 1 mm (van der Drift et al. 2004). For entrained flow gasification of coal, particles are
typically pulverized to between 50-150 pm in diameter in order to achieve sufficient carbon
conversion 6 (Australian Coal Association Research Program 2008). Several factors may
contribute to biomass' more rapid conversion. Biomass has comparatively high volatile matter
content (see Figure 2-8) and devolatilization occurs quickly during the particle heat-up step of
entrained flow gasification. This high volatile content may also result in a more porous char
structure -resulting in faster char conversion (van der Drift et al. 2004). The presence of certain
ash components like potassium may also catalyze the char gasification reactions.
Due to the longer residence times, circulating fluidized bed (CFB) and bubbling fluidized
bed (BFB) gasifiers require biomass particle sizes be below 40mm and 80mm respectively
(Maciejewska et al. 2006).
2.4.8. Corrosion, slagging, agglomeration, and fouling
Even though biomass generally contains lower levels of ash compared to coal, the presence of
certain mineral components can have important corrosion, fouling, slagging, and bed
agglomeration effects in combustion and gasification applications.
Corrosion is caused by chlorine rich deposits (HCl) formed by reactions between alkaline
chlorides (NaCl, KCl) and sulfur (SO2) or aluminum silicate (A12 (SiO 2)3) (Veijonen et al. 2003).
Slagging is the deposition of ash on heat transfer surfaces subjected to radiant heat exchange e.g.,
the refractory lining of a furnace. Fouling is the deposition of fly ash, quenched to a temperature
below its melting point, on heat transfer surfaces subjected to convective heat exchange e.g., the
heat recovery section of a steam generator.
In fluidized bed gasifiers, if the ash softening and melting temperatures are too low, bed
agglomeration can occur creating sticky layers and disrupting proper fluidization (Maciejewska
et al. 2006). Herbaceous biomasses contain high amounts of potassium and sodium in their ash
(see Figure 2-3) and have comparatively low ash-melting points <1000 'C (Francescato et al.
2008). Figure 2-16 qualitatively describes how biomass ash components affect corrosion and
6 Preferably 70% of coal particles are less than 75jims while 99.5% of particles are less than 300tm.
ash melting temperatures. For comparison, typical coal ash-melting points are between 1250-
1470 'C (Higman & van der Burgt 2003).
In slagging entrained flow gasifiers, if the ash melting temperature is too high, the ash
fails to melt and produce a sufficiently thick layer of protective slag. Woody biomass ash
contains a high proportion of calcium oxides (see Figure 2-3) which raises the ash melting
temperature. For example, raw willow ash has an ash flowing temperature of 1560 'C which is
outside the typical range of entrained flow gasifier temperatures of 1300-1500 'C (van der Drift
et al. 2004). To counteract this, SiO2 can be added as a fluxing agent to lower the melting
temperature. Addition of 0.9 kg SiO 2 per kg of dry wood ash lowers the flowing temperature to
1260 'C (van der Drift et al. 2004).
Moreover, the viscosity of the liquid ash slag layer must be within in a limited range (8-
15 Pa-s). Current coal slag models are based on clay mineral (SiO 2-Al20 3-CaO-FeO) ratios
(Higman & van der Burgt 2003). These models do not account for alkali metals (like phosphorus
or potassium) and are therefore inapplicable to biomass ashes (van der Drift et al. 2004).
Figure 2-16 Summary of ash components and their effects on corrosion and ash melting temperature (Source: Adapted from
(Maciejewska et al. 2006)
3. Torrefaction Review:
Raw biomass gasification faces many challenges related to storage, handling, feeding, and ash
issues. Thermochemical pretreatment methods exist to improve the properties of biomass.
Torrefaction is one such method which improves many of the physical and chemical
characteristics of raw biomass. A literature review of torrefaction is presented. efined, and the
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physical effects of torrefaction on biomass will be covered. Next, the chemistry of torrefaction
itself will be discussed in depth.
3.1. Definition
Torrefaction is a thermochemical process where biomass is treated at temperatures between 200-
300 0C, in an inert atmosphere for a period between usually between 15-60 minutes. The
products of torrefaction include a solid product and volatiles. Torrefaction has several synonyms
including slow or mild pyrolysis, wood cooking, high temperature drying, and roasting.
The torrefaction temperature, reaction time, heating rate, and particle size are important
conditions affecting the rate of reaction Figure 3-1 is a qualitative plot of typical moisture
content, mass yield, and particle temperature profiles for torrefaction
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Figure 3-1 Qualitative temperature, moisture content, and mass yield (dry) profiles for torrefaction (Source: Adapted from
(Bergman, Boersma, Kiel, M. J. Prins, et al. 2005)
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Torrefaction begins when the particle temperature exceeds 200'C and the mass loss
occurring during this period is due to the decomposition of biomass components into volatiles
(not from moisture loss). Although in certain cases, drying and torrefaction can occur in the same
reactor, the former is evaporative while the latter involves chemical decomposition.
Table 3-1 Comparison of torrefaction and fast pyrolysis conditions (Uslu et al. 2008; Kiel
2007; Bridgwater 1999)Table 3-1 compares the typical operating conditions for torrefaction to
fast pyrolysis. Although both operate under inert atmospheres, due to the temperature
dependence of pyrolysis chemistry, they differ significantly in the quantity and types of product
yield.
There exists widespread agreement that torrefaction temperatures must be at least 200 'C,
there are inconsistencies with regards to how reaction time is defined. Some researchers define it
as the length of time between when temperature exceeds 200 'C and when the biomass begins to
cool (Bergman, Boersma, Kiel, M. J. Prins, et al. 2005). Others state define it as the length of
time the biomass is held at the peak temperature e.g., 250'C (Prins, 2005). Depending on the
heating rate, which is usually between 10-50 'C/min, the difference in time between these two
definitions can be very significant. Consistent and explicit disclosure of this definition is crucial
to accurate comparison of data sets.
Prior literature claims that the effect of particle size is not as an important a parameter as
the reaction time and torrefaction temperature. In willow torrefaction experiments done by ECN,
varying particle size (0-10mm, 10-30mm, 30-50mm) resulted in no significant differences in
mass or energy yield. (Bergman et al., 2005b). It was then concluded that at under their
experimental conditions, torrefaction was controlled by kinetics and not by heat or mass transfer
limitations.
Recent disserations on torrefaction which studied intraparticle temperature profiles for
10-28 mm cylindrical wood particles concluded that heat transfer limitations were presen
(Dhungana 2011; van der Stelt 2011). These limitations manifested themselves as exothermal
temperature peaks within the particle between up to 40 C.
Table 3-1 Comparison of torrefaction and fast pyrolysis conditions (Uslu et al. 2008; Kiel 2007; Bridgwater 1999)
200-300 0C
5-30 minutes
<4 cm
Atmospheric
400-800 0C
Reaction 30-1500 ins
Reaction
Particle 1.
Pressure
<2 mm
Atmospheric/Pressurized
Heating Rate 10-50 C/min 200-500 C/min
Environment Oxygen free Oxygen free
Product Yield Solids, vapors Vapors, bio-oil slurry
3.2. Torrefied biomass properties and characterization
Torrefaction drastically alters physical properties of biomass. These changes are summarized in
Table 3-3.
3.2.1. Volumetric Density
Like drying, torrefaction causes shrinking and mass reduction. Therefore the density of torrefied
biomass is actually 10-20% less than raw biomass and is between 180-300 kg/m3 (Bergman
2005). However, when combined with a pelletising process, torrefied biomass can achieve much
more feasible volumetric densities of 750-850 kg/m 3 (Bergman 2005). This exceeds the bulk
density of raw wood pellets (650-700 kg/m3) and approaches bituminous coal see Figure 3-2.
Pelletisation involves heating the pulverized biomass (10-25% moisture content) to 50-
100 *C at which point the lignin softens. The feedstock is then extruded through dies which
result in pellets with dimensions 6-7.5 mm diameter and length 30-60 mm (Malisius et al. 2000).
The electrical energy requirement for pelletising raw biomass is about 25-44 kWhe/ton or 90-160
MJ/ton (Meerman et al. 2011; T. Reed & Bryant 1978). This is between 1-2% of the heating
value of the product.
Torrefaction halves the energy requirement for pelletisation process (Bergman 2005;
Meerman et al. 2011; Lipinsky et al. 2002). Pellet mills generally require the feed to be dried to
less than 15% as well as pulverized to less than 3 mm sieve (Tumuluru et al. 2010; Roos 2008).
30-1500 ms
Regular wood pellets suffer from a lack of mechanical strength and abrasion resistance during
transport (Malisius et al. 2000). Torrefied pellets appear to have improve mechanical durability
characteristics (van der Drift et al. 2004).
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Figure 3-2 Effect of torrefaction and pelletisation on bulk density. Sources: (Bergman 2005; Uslu et al. 2008)
3.2.2. Heating Value
Torrefaction increases the dry heating value of biomass. As Figure 3-3 shows, torrefaction
improves the LHV (dry) of torrefied biomass to between 20-22 MJ/kg. This a 5-30%
improvement over oven-dry wood (19.2 MJ/kg) and a 65-80% increase compared to raw (30%
M.C. w.b.) wood which has an LHV of 12.2 MJ/kg. Moreover, it is quite comparable to
bituminous coal 24.5 MJ/kg.
The extent of energy densification is dependent on the magnitude of volatiles released
during the torrefaction. This effect will be discussed in greater detail in 48 3.4.
I1 -T
Wood chips Wood Pellets Torrefied Wood Torrefied Wood
(30% M.C w.b.) Powder Pellets
24.5
20
9 15
ca
.$ 10
19.15
1
20.2
20.4
1
17.4
1
Wood Straw (wheat) Torrefied wood Torrefied Straw Coal (Illiniois #6)
Figure 3-3 LHV (MJ/kg dry) of raw and torrefied biomass versus coal (Francescato et al. 2008; M. J. Prins 2005; Bridgeman et
al. 2008; Ghamarian & Cambel 1982)
3.2.3. Bulk Energy Density
Torrefaction combined with pelletization almost achieves the bulk energy density standards set
by bituminous coal. Figure shows the bulk energy density for biomass with varying
pretreatments (drying, torrefaction, pelletization).
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Figure 3-4 Bulk energy density (LHV as received) of raw and pretreated biomass (Bergman 2005; Van Loo & Koppejan 2008)
Of note is the fact that pelletizing and torrefying biomass provides a 70-80% improvement in
energy density (bulk) compared to standard wood pellets. The energy density of bituminous (25
GJ/m 3) approached. Ultimate and proximate analysis
3.2.4. Ultimate and proximate analysis
Table 3-2 shows the ultimate, proximate analysis for raw and torrefied eucalyptus. The range of
values in the torrefied eucalyptus column indicates the effect of torrefaction time. Overall,
torrefaction increases the carbon percentage while decreasing the hydrogen and oxygen content.
Under the longest torrefaction times, the volatile matter percentage can be reduced to 60% but
this is still significantly higher than bituminous coal (36.5%)
Table 3-2 Ultimate, proximate, and molecular formulas for raw, torrefied biomass and coal. Sources:(Arias et al. 2008;
Ghamarian & Cambel 1982; Donahue & Rais 2009)
Feedstock Raw Torrefied Coal
Eucalyptus Eucalyptus (Bituminous)
C 50% 50-60% 66%
H 5-6% 5-6% 7%
0 45% 33-45% 22%
N 0.1% 0.1% 1%
S ~0% ~0% 4%
Proximate Analysis
Fixed Carbon 15.3% 15.3-38.2% 55%
Volatile Matter 84% 60-84% 36.5%
Ash Content. 0.7% 0.7-1.6% 8.5%
CH1.s600.6 CH(1.3-1.4>0(0.s-0.6) CH1.2700.2sNo.12So.022
3.2.5. Biological decay rate
Torrefaction creates a preserved product which is resistant to bacterial degradation. Hakkou and
coworkers investigated the fungal resistance of torrefied wood and provided two possible
explanations. One hypothesis was that degradation of the hemicellulose component of biomass
removes an important nutritive source for fungi. However, certain lignin-degrading fungi (white
rot) were also unable to attack torrefied beech wood. This may imply that torrefaction modifies
the molecular structure of lignin making it resistant to fungal enzymes (Hakkou et al. 2006).
Table 3-3 Effects of torrefaction on biomass fuel characteristics. Adapted from (Kiel 2007).
Handling, Grindability Fibrous, difficult to grind Less Fibrous, easy to grind
Hydrophilicity Hydrophilic Hydrophobic
Storage Vulnerable to Preserved
Characteristics Biodegradation
Product Uniformity Heterogenous Homogenous
Moisture Content 10-60% 0.5-6%
3.2.6. Moisture uptake rate
The permanent reduction in moisture content to less than 6% creates a preserved, hydrophobic
product. During torrefaction, the destruction of hydroxyl groups leaves nonpolar unsaturated
structures which are not prone to hydrogen bonds (Tumuluru et al. 2010). When immersed in
water for 2 hours, torrefied biomass only increased moisture content by between 2.2-17.7% -
depending on the torrefaction conditions and type of biomass (Pimchuai et al. 2010).
Additionally, torrefaction helps make biomass fuel more homogenous. Variations caused
by specie, storage conditions, and seasonal variations are reduced (Arias et al., 2008).
3.3. Torrefied biomass utilization issues
3.3.1. Particle geometry and size reduction
Torrefaction greatly improves the grinding and handling properties of torrefied biomass. ECN's
grinding tests (as summarized in Figure 3-5) show that the energy required to mill dry un-
pretreated biomass (10-13% M.C.) and torrefied biomass to 200 tm is 320 kWhre/ton and 50
kWhre/ton, respectively. This is represents an 85% reduction. Complete drying to moisture
content below 1% (oven or bone dry) already substantially reduces grinding energy by 55%.
However, in most power applications it is impractical to dry wood to such a level.
The differences in grinding energy required for raw willow (hardwood) versus larch
(softwood) also appears to be eliminated by torrefaction- supporting the claim that torrefaction
helps homogenize biomass fuels.
Energy required grind to willow biomass (dp=0.2mm)
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Figure 3-5 Grinding energy requirement for raw, dried, and torrefied willow. Final particle size of 0.2 mm Source: Adapted from:
(Bergman, Boersma, Kiel, M. J. Prins, et al. 2005)7
7 Fresh (untreated) biomass moisture content was between 10-13%. Dried willow had a moisture content less than
1%. Torrefied biomass had between moisture content between 1.2-6.6% weight.
In addition to the grinding energy consumption, the mill capacity is important to consider from a
capital cost perspective. As Figure 3-6 shows, due to the increased ease at which the torrefied
biomass is pulverized, a single milling machine can increase its throughput by up to 6.5 times.
Drying the wood (to <1%) increases the milling capacity by a factor of 2.
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Figure 3-6 Grinder capacity in kWth vs. particle size
(Bergman, Boersma, Kiel, M. J. Prins, et al. 2005)
(mm) and level of pretreatment for beech, willow, and larch Source:
Additionally the particle geometry of pulverized torrefied wood differs from pulverized
raw wood. Whereas raw, pulverized wood is cylindrical, fibrous and non-uniform, the torrefied
wood is no longer fibrous, has a smaller aspect ratio, and is more uniform. Figure 3-7 shows
optical photomicrographs of showing the particle geometry. As the torrefaction temperature is
increased, the length of the particles is reduced while the diameter of the particles reduced to a
smaller extent.
Figure 3-7 Photos of torrefied then pulverised eucalyptus retained by a 425 pm mesh. All were torrefied for 0.5 hours at varying
temperatures (240,260,280 from left to right) Source: (Arias et al. 2008).
Also, the post-grinding particle size distribution is made more uniform by torrefaction. Raw
biomass has a particle size distribution which follows a power law- with most particles closest to
the cut size of the sieve. Torrefied wood particles sizes follow a uniform distribution (Bergman,
Boersma, Kiel, M. J. Prins, et al. 2005). Figure 3-8 shows the particle distributions of
eucalyptus torrefied at different conditions8 . The effect of torrefaction can clearly be seen by
analyzing the percentage of particles greater than 425 pm. Even the mildest torrefaction
condition applied (0 hours, 240 C) reduces the percentage of particles greater than 425 pm from
71.2% in the raw case to 55.5%
Particle Size Distribution vs. Torrefaction Temperature
* Raw
240 C
0260 C
0280 CT T
<75 pm 150-75 pm 425-150 pm
Particle Size Bin
>425 pm
8 Torrefaction temperature was varied (240, 260, 280) 'C as well as residence time. Residence time was defined as
the time kept at peak temperature for (0, 0.25, 0.5, 1, 2 ,3) hours( Arias et al., 2008).
Figure 3-8 Particle size distribution (% by weight) vs. torrefaction temperature. Error bars indicate the effect of varying residence
time between 0 to 3 hours (Source: Adapted from (Arias et al. 2008))
3.3.2. Pressurized pneumatic feeding
The improvements in uniformity and particle size also improve the fluidization behavior.
Smooth fluidization is necessary as fluidized beds are utilized in pressurized pneumatic feeding
systems for gasifiers. Fluidization regimes can are classified by particle diameter and the
difference in density between the fluid and particle and fall into four "Geldart Groups". These
classifications are summarized in Figure 3-9. For pneumatic transport into gasifiers, the powder
ideally falls within group A- meaning that it produces an aerated bed with no bubbling (Bergman
et al., 2005b). As can be seen on the classification diagram (Figure 3-9), pressurized coal-
nitrogen beds must be between ~20-200 tm in order to be within group A. Due to their lower
particle density (500 kg/m3), biomass powders should be between 30-400 im. However, because
of the non-uniform size distribution of raw biomass particles as well as their fibrous nature, it
was found experimentally impossible to attain this fluidization regime (Bergman, Boersma, Kiel,
M. J. Prins, et al. 2005). In the same experiments, torrefied willow particles were able to reach
smooth fluidization when the mean particle size was 100pm.
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Figure 3-9 Geldhart Powder Classifications (Source: Adapted from (Geldart 1973). Black diamond represents coal powder
(75ptm) fluidized by nitrogen at 40 bar. Green 'x' represents biomass powder (75pim) fluidized by nitrogen at 40 bar.
3.3.3. Pressurized slurry feeding
Detailed studies of torrefied biomass slurry rheology has yet to be published in the literature.
Although Siemens has already filed US and international patents on the entrained flow
gasification of torrefied biomass slurries they provide no experimental data describing their
findings (Hannemann & Metz 2008). Their patent claims cover a variety of liquid slurry media
including water, oil, paraffin, glycerin, methanol, and liquid CO 2.
Rheology of biomass which has been hydrothermally pretreated was studied by (He et
al. 2009). Hydrothermal pretreatment requires high pressures of 17.2-88 atm to maintain water in
the liquid state at temperatures between 200-300 'C. In the embodiment studied by He and co-
workers, hydrogen is added to the reactor. They found that slurry loading increased from 12.5%
to 40% with thermal pretreatment.
3.3.4. Piston pressurization and dry solids pumping
Having only been recently developed, no technical details can be found on piston pressurization
and solids pumping used in conjunction with torrefied feedstocks. Based upon the reduced
mechanical strength of torrefied biomass, it can be expected that piston pressurization and dry
solids pumping will operate superiorly with less energy expenditure than if raw biomass was
used.
3.4. Torrefaction mass and energy balance
Thermogravimetric analysis (TGA) is a well developed technique to test the thermal
decomposition of substances over a range of programmable temperatures and heating rates. In
TGA, the mass of a sample is precisely measured while temperature is varied dynamically or
isothermally (Guar and Reed, 1998). In order to perform an energy balance, bomb calorimetry
must be used which has only has a reproducibility of ±240 J/g for ASTM bomb calorimetry.
Figure 3-10 shows a typical mass and energy balance for a torrefaction of willow. 95%
of the energy is maintained in the solid torrefied product while its mass has been reduced to
87.2% of its original value. The fact that the energy yield is greater than the solid yield is
characteristic of torrefaction and explains the increase in heating value.
9 Hydrothermal pretreatment is also described as wet torrefaction by (W. Yan et al. 2010)
Volatiles
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Figure 3-10 Mass and energy balance for a willow torrefaction experiment at 250 'C for 30 minutes. (Source: (M. J. Prins 2005))
Due to the uncertainties in measuring the enthalpy of the input and output streams, precise
determination of the net reaction enthalpy (87 ± 449 kJ) is difficult but the data indicates
torrefaction as mildly endothermic (M. J. Prins 2005).
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Figure 3-11 Mass and energy balance vs. torrefaction temperature for wheat straw and willow. Source: (Bridgeman et al. 2008))
Figure 3-11 shows the mass and energy balances for the torrefaction of different biomass types
(willow, wheat straw) performed for 30 minutes with varying torrefaction temperatures (230,
250, 270,290) 'C. As the torrefaction temperature is increased, the disparity between energy
yield and mass yield widens, indicating greater levels of energy densification. Based on the
consistently lower mass and energy yields for wheat straw compared to willow, the former is
considered more reactive.
Analysis of the volatile composition also sheds light on why energy densification occurs.
As Figure 3-12 shows, over a variety of willow torrefaction conditions the three largest volatile
0. 128 kg
components produced are water, carbon dioxide, and acetic acid. They are all highly oxygenated
compounds with little to no heating value.
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Figure 3-12 Volatile components (% weight of initial solid) produced by torrefaction of willow at varying levels of severity
Source: (M. J. Prins 2005)
Other significant volatiles include formic acid, methanol, and lactic acid. When this analysis is
applied to straw, similar volatiles in similar ratios are produced. Larch (coniferous) is less
reactive than willow and less acetic acid, carbon dioxide, or carbon monoxide is produced as
compared to willow torrefaction (M. J. Prins 2005).
This removal of hydrogen and oxygen is best represented by a Van Krevelen diagram
(see Figure 3-13). Note that heating value increases with higher H/C ratios and lower O/C
ratios M . From this perspective, torrefaction is an accelerated version of the underground
transformation to coal that biomass normally experiences after over thousands to millions of
years.
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Figure 3-13 Van Krevelen diagram for torrefied biomass (wheat, reed canary grass, willow) compared to coal (lignite,
bituminous, anthracite) (Source: Adapted from (Bridgeman et al. 2008))
3.5. Torrefaction chemistry and kinetics
Biomass pyrolysis chemistry is complex due to the wide variety of chemical species generated,
variabilities in feedstock characteristics, and the wide range of temperature, pressure, and heating
rate conditions which must be considered. Moreover, it is technically difficult to separate the
effects of secondary reactions and the catalyzing effects of mineral components. Chemistry
research received a strong push after the oil embargo of the late 1970's and many seminal papers
were published in the early 1980's". Similar economic motivations combined with recent
technical advancements in instrumentation have caused a resurgence of this field.
Among pyrolysis models, assumptions and simplification are always necessary in order
to tackle the complexity. For example, pyrolysis is commonly schematized as the independent
10 Accurate correlations for heating value have been developed for a range of solid, liquid and gaseous fuel types
based on the weight fractions of carbon, hydrogen, oxygen, nitrogen, sulfur, and ash (see (Channiwala & Parikh
2002). The effect of H/C on heating value is best demonstrated by comparison of simple hydrocarbons. Methane
(CH 4) has the highest H/C ratio of any hydrocarbon and therefore has a higher heating value than ethane (C2H6),
propane (C3H), butane (C4H 10), etc.
" For comprehensive pyrolysis review papers see (M. J. Antal 1982; M. J. Antal 1985; M. J. J. Antal & Varhegyi
1995; Colomba Di Blasi & Branca 2001)
decomposition of cellulose, hemi-cellulose, and lignin. Chemical complexity is usually avoided
by defining reactants and products in terms of lumped parameters. Secondary reactions are also
commonly neglected.
Because torrefaction occurs in a very specific range of temperature and time conditions,
it's easier to study. Recent work has made headway into describing validated mass loss kinetics.
3.5.1. Experimental methods
Pyrolysis and torrefaction chemistry and kinetics are studied with a variety of experimental
devices and some commonly used techniques include are TGA, DTA, fourier transform infrared
spectroscopy (FTIR), high performance liquid chromatography (HPLC), gas chromatography
(GC), and bomb calorimetry. For a more comprehensive review on experimental analysis see
(Bahng et al. 2009). TGA allows precise measurement of mass loss under controlled temperature
profiles and is therefore used to validate and measure kinetic models and parameters. DTA
shows the rate at which products are formed, and can be used to compare the pyrolysis and
combustion profiles of raw and torrefied feedstocks (see (Bridgeman et al. 2008)).
FTIR allows the real-time analysis of volatiles released during pyrolysis. HPLC and GC
can be used in tandem with TGA during batch experiments to perform mass balance and volatile
composition analysis.
3.5.2. Linear superposition pyrolysis models
Often, researchers tackle the complexity of biomass by first understanding the pyrolysis of pure
lignocellulose components. They then use this knowledge to inform and provide a theoretical
and/or empirical basis for the proposal of a kinetic model. The complexity, flexibility, and
input/output requirements of models are dependent on variety of factors
Figure 3-14 compares the pyrolysis of biomass to pure lignocellulose components
(lignin, cellulose, xylan 12). It demonstrates the decomposition of hemicellulose occurring
between (200-300 'C and cellulose occurring between 275-350'C. Lignin's thermal stability
results in decomposition over a wider range of temperatures (200-600'C). Several authors have
attempted to develop biomass pyrolysis models based on a linear superposition of the
decomposition of pure components (see (Biagini et al. 2006); (Couhert et al. 2009)). Such a
12 The primary type of hemicellulose found in deciduous (hard) woods.
model has the advantages of flexibility and ease of application. Unfortunately, reasonable
agreement between model and experiments results is possible only when mineral content is
ignored. Moreover, these models are designed to reflect the experimental results of pyrolysis
over a wide range of temperatures 100-10000C and therefore their applicability to a torrefaction
between 200-300 C for an extended period (15-60 minutes) would be inaccurate.
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Figure 3-14 Mass loss and derivative (dtg) curves for the pyrolysis of pure components (cellulose, xylan, and lignin). The
temperature was ramped from from 105 'C to 1000 'C with a heating rate of 20 'C/min. Source: (Biagini et al. 2006)
3.5.3. Two-step, first order model
Prins applied a kinetic mechanism more specific to the conditions of torrefaction (M. J. Prins
2005). His experimental methodology and calculation of kinetic parameters was based on work
reported in (Colomba Di Blasi & Lanzetta 1997). Their study of isothermal hemicellulose
degradation concluded that a two step first order mechanism could accurately describe mass loss
kinetics. Prins' adaptation of their proposed mechanism (see Figure 3-15) to raw biomass is
based on the fact that hemicellulose is the main component undergoing decomposition in that
temperature range. It assumes that the degradation of hemicellulose (or raw biomass in Prins'
case) represented by "A", produces volatiles,"Vi", and an intermediate solid product, "B". The
intermediate product further decomposes into solid char, "C", and additional volatiles, "V2".
Note that no secondary reactions between products are assumed. Neither author further defines
the chemical composition of any of the products and therefore reaction energies and chemical
species mass balances are not described by the model. The model only predicts relative mass
yields of each species. In both cases, kinetic rates (ki,kvi,k 2,kv2) are represented in the standard
Arrhenius form as dependent on activation energy (Ea,), pre-exponential factor (ko) and
temperature (T) in Kelvin.
k, V, V V 2ki k2
A -B - C
Figure 3-15 Two step, first order decomposition mechanism assumed by Prins for torrefaction mass loss kinetic modeling. "A"
represents raw biomass. "B" represents intermediate solid product. "C" represents char. "VI, "V2" represent volatiles.
Experimental curve fitting over a range of torrefaction temperatures to determine the 8
unknowns is simplified by the fact that the first step is much faster than the second step.
Therefore, a demarcation time (or temperature) signifying the end of the first step and beginning
of the second step exists (Colomba Di Blasi & Lanzetta 1997). This demarcation time is
apparent when a sudden change in slope is observed in the log plot of relative mass. In the case
of willow torrefaction curve fitting, Prins found a demarcation temperature of 250'C (M. J. Prins
2005). The kinetic parameters for hemicellulose and biomass are summarized in Table 3-4.
Though it can be difficult to draw conclusions directly from the raw kinetic parameters
the difference in rate between the first and second step is noticeable. For willow, this can be seen
in the very high activation energy (151.7 kJ/mol) for the second step. For xylan, the pre-
exponential factors of the second step are 2-4 orders of magnitude lower than they are in the first
step.
In order compare equivalent values and provide a clearer picture of the temperature
dependence of the reaction rates, Figure 3-16 plots the reaction rates (1/s) for hemicellulose and
willow degradation for temperatures between 200-300'C.
13 Two unknowns (Ea, ko) for each kinetic parameter i.e K,
Table 3-4 Kinetic parameters for hemicellulose , willow, spruce, and beech. Sources: 1. (Colomba Di
2.(M. J. Prins 2005) 3. (Repellin, Govin, Rolland & Guyonnet 2010b)
Blasi & Lanzetta 1997)
Feedstock
Hemicellulose'
Willow2
Spruce3
Beech3
I r r
Rate
(s-1)
K1 Kv2
Eact (Jimol) 66,191 9 479 56,359 52,593
ko (s-) 17-400 3 -310000 4 43 i x 7
Eact(J/Mol) 76,000 114,000 151,711 11,400
ko (s-1)
24,800 39,400,000 11,000,000,000 4.120.000
Hemicellulose torrefaction rates
0.0018 0.0019 0.002 0.0021 0.0022 0.0017
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Figure 3-16 Arrhenius plot for the reaction rates (1/s) vs.
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In the case of willow torrefaction the ranking of reaction rates from largest to smallest is
(k1>kvi> kv2 > k2), with the first two being faster by between 2-4 orders of magnitude. However
for pure hemicellulose, k2 is greater than kv2. In both cases, the parallel slopes of k2 and kv2 is
expected due to the identical activation energies and indicates a consistent stoichiometry. The
convergence of rates between ki and kvi indicates the non-stoichiometric nature of the first step.
Also due to the higher activation energies observed in willow torrefaction, temperature has a
stronger influence on the increasing the reaction rates- up to three orders of magnitude over the
temperature range. Overall, the hemicellulose reacts about an order of magnitude faster than the
willow over the temperature range.
Using the reaction mechanism, kinetic parameters, the relative masses of A,B,C,V1,and
V2 can be numerically solved for any prescribed particle heating condition. Figure 3-17 is a
sample simulation of willow torrefaction at 290'C using the aforementioned willow kinetic
parameters.
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Figure 3-17 Sample simulation of two step first order decomposition for willow torrefaction at 290 'C. Heating rate= 25 C/min.
Initial reactor/particle temperature 200'C.
This result demonstrates that 95% conversion of A into B and V1 occurs in 19 minutes. The time
at which maximum yield of intermediate solid product B is also easily determined and it occurs
in 18.5 minutes.
These results indicate that the first step (A 4 B + VI) is much faster than the second step
(B4 C+V 1). Solid mass loss kinetic experiments and analyses by (van der Stelt 2011) also
concluded that torrefaction can be modeled as a reaction of two phases- one which reacts quickly
and one which reacts slowly. The dynamics of this mechanism are justifiable when one considers
the pyrolysis behavior of pure lignocellulose components (hemicellulose, cellulose, and lignin).
During TGA mass loss experiments of pure components, hemicellulose has been found to
be the most reactive component, pyrolyzing rapidly between 200-300'C while cellulose degrades
between 275-350 C (Biagini et al. 2006). Lignin is the least reactive and decomposes over the
range of 200-600 C. Hemicellulose, cellulose, and lignin comprise 17-20%, 53-60%, and 25%,
respectively of a hardwood such as willow (Bridgeman et al. 2008; Bergman, Boersma, Kiel, M.
J. Prins, et al. 2005). Simulation of the solid mass loss (using the willow kinetic parameters)
indicate that the first step concludes within 15-60 minutes, and results in 16-30% solid mass loss
for temperatures between 250-300 0C, respectively. The second step takes up to several hours to
reach conclusion and results in an additional 42-48% mass loss. Therefore, the mass loss
occurring during the fast first step of torrefaction is primarily attributable to decomposition of
hemicellulose (with an increasing contribution from cellulose decomposition at higher
temperatures). The mass loss during the slow second step is primarily due to cellulose
decomposition, with minor lignin decomposition. This mechanistic understanding of torrefaction
in terms of the pyrolysis of its pure lignocellulose components was also propounded in (van der
Stelt 2011; Bergman, Boersma, Kiel, M. J. Prins, et al. 2005).
The simulation shown in Figure 3-17 can be repeated for different torrefaction
temperatures, and as a result, torrefaction can be defined in terms of conversion levels (instead of
time and temperature conditions). Figure 3-18 shows iso-conversion lines for willow
torrefaction. This chart allows the time to reach a desired conversion percentage to be derived via
visual inspection. From a commercial design perspective, such a plot allows the quick
comparison of effective rates between torrefaction temperatures. If for example at least a 75%
conversion is desired and reaction time is to be kept under 30 minutes, then the torrefaction
temperature should be above 252 0C.
-85% Conv ersion of A
- - 75% Conv arsion of A
5 0
Ea
Wa
30 a
Ca
.0
U 20
.0S
40 1006.
1 0 0* . .
230 240 250 260 270 280 290 300
Torrefaction Temperature (C)
Figure 3-18 Iso conversion lines for willow torrefaction.
The definition of torrefaction in terms of percent conversion of reactants is significant.
This is because the literature has not focused on defining metrics with which experiments
performed at different conditions and feedstocks can be compared. Some authors simply perform
linear regressions between inputs like torrefaction time and temperature with outputs like heating
value (Tumuluru et al. 2010). Although they are a quick and fast method, these regressions lack
generality. More recently others have correlated overall mass loss with changes in torrefied fuel
properties see (Almeida et al. 2010; Bridgeman et al. 2010). Given that different volatiles may
be produced at different temperatures, mass loss alone does not sufficiently capture the chemical
effects. By failing to combine chemical kinetics with experimental measurements, researchers
have thus far lacked a rigorous understanding of how torrefaction causes changes fuel properties.
Despite the significant contributions that Prins' two step kinetic mechanism provides, it
does suffer limitations. For example, it cannot be easily applied to other biomass feedstocks
unless derivation of their kinetic parameters is also experimentally performed. Also, it does not
predict energy yield or volatile compositions which are crucial to informing reactor design and
system integration. Lastly, it only applies to cases where torrefaction is kinetically controlled.
The next section will discuss in detail the conditions under which this is true.
3.5.4. Dimensional analysis of particle size effects
The influence of particle size on the rates of pyrolysis is important to consider for both
experimental and commercial reasons. During experiments which apply curve fitting to derive
kinetic parameters, it is assumed that thermal gradients are not present within the particle, that
the particle is at equilibrium with the reactor temperature, and that particles do not interact with
one another. In other words, the experimental conditions are such that kinetics is rate-limiting.
The first and most cited paper to propose a method to classify controlling factors in the
slow pyrolysis of solid fuels was (Pyle & Zaror 1984). The classification requires a comparison
of the time constants for external heat transfer, internal heat transfer, and reaction rate producing
three dimensionless parameters: the Biot number and two pyrolysis numbers (Py' and Py) which
are defined in equations 3-1 to 3-3
PCP LC 2
Biot = Tconduction - k hL 3-1
Tconvection p Lc k
h
1
Py' Tkinetics _ _ h
Tconvection pCp LC KpcpLe 3-2
h
1
_ Tkinetics _ 2 _ k
Tconduction pCpLc2 KpcL 2 3-3
k
Where,
K= reaction rate [1/s],
Lc = particle characteristic length [in],
k particle conductivity [W/m*K],
h = external heat transfer coefficient [W/m2*K],
p = biomass particle density [kg/m 3]
cp biomass particle specific heat [J/kg*K].
The Biot number compares the conduction and convection time constants and determines
whether the particle temperature is uniform (Bi<<1) or has large gradients (Bi>>1). In the first
of these cases, particle temperature can be modeled by a lumped capacitance model. Py' and Py
compare the kinetic reaction rate to the convection and conduction rates, respectively.
The external and internal heat transfer characteristic times are defined by the
characteristic length (L,). The characteristic length can be taken as the volume to surface area
ratio. This definition was used by (Dupont et al. 2007) in their characteristic time analysis for
biomass char gasification. A more conservative approach is to use the particle radius (or half
thickness) as the characteristic length. Table 3-5 shows the characterstic length for various
particle geometries.
Table 3-5 Definition of characteristic length and radius for various 1 -D particle geometries (Incropera & DeWitt 2002)
Characteristic length Sphere Infinite cylinder Infinite slab
definition (Diameter 2r) (Diameter 2r) (Thickness 2r)
LC = r r r r
LC = V/Ac r/3 r/2 r
The inverse of the Py' and Py are also referred to in the literature as the external thermal
Damk6hler number for pyrolysis and the internal thermal Damk6hler number for pyrolysis,
respectively (A. Gomez-Barea & Leckner 2010). Pyle and Zaror's classification is shown in
Table 3-6.
Kinetically Controlled Regime
A kinetically controlled regime (also known as the chemical regime) occurs for small Biot values
(<1) and large pyrolysis numbers (>10). The particle has a uniform temperature- equivalent to
the reactor temperature- and the reactions occur uniformly throughout the particle at a rate
roughly ten times slower than the internal or external heat transfer rate.
External Heat Transfer Controlled Regime
For small Biot and pyrolysis numbers, the temperature and reaction zone of the particle is still
uniform but the particle temperature approaches the reactor temperature.
Internal Heat Transfer Controlled Regime
For large Biot and small pyrolysis numbers, the slow internal heat transfer creates large thermal
gradients and small reaction zones. The reaction zone- or front- travels from the outside of the
particle at a rate controlled by velocity of the thermal wave. Graphical solutions of the time
constant of the thermal wave are available as a function of the Fourier and Biot numbers in heat
transfer textbooks (Incropera & DeWitt 2002). In practice, this regime would be observed during
the slow pyrolysis of large particles i.e logs (Nag 2010).
Table 3-6 Controlling condition classification. Source: (Pyle & Zaror 1984)
Controlling Condition Bi Py Pyl
External Heat transfer <1 >1 >1
Kinetics <1 >10 >10
internal Heat Transfer >50 <0.001 <<
When the parameters do not fall directly in any of the aforementioned regimes, the pyrolysis will
be controlled by a combination of two or more conditions. In such cases, the solutions to the
differential equations describing heat transfer and kinetics must be simultaneously solved
(numerically).
Equipped with a model to describe reaction rates and a classification system, it is possible
to calculate whether certain regimes will be achieved given limitations on particle size or
external heat transfer. By applying the condition that both the Py' and Py must be greater than
10 it is possible to solve for the relationship between the maximum particle size diameter to
achieve a kinetically controlled regime as a function of temperature.
r (T) = min( (T)p
""" 10K(T)pc, '10K(T)pc, 3-4
Where the "min" function outputs the smaller of the two quantities and the kinetic rate K(T) has
an arrhenius rate equation dependence on temperature.
Figure 3-19 plots the maximum particle diameter for the kinetically controlled regime
versus temperature for two different external heat transfer coefficients. Notice the inverse
relationship between maximum particle size for kinetically controlled regime and temperature.
The analysis suggests that in order to experimentally isolate the kinetics, biomass must be
sufficiently small (conservatively between 0.2-1.8 mm for torrefaction at 300C. Due to the
grinding energy considerations, it's unlikely that commercial torrefaction reactors will utilize
such small particles. Therefore, a more comprehensive model (which takes into account internal
and external heat transfer) must be developed for torrefaction conditions where particle sizes are
larger than 1 mm.
Kinetically controlled particle size limit for torrefaction (mm)
Py>10
Pv'>10
I - --- h= 8.4 W m-2 K-1
---- h= 100 W m-2 K-1
200 220 240 260
Torrefaction temperature (C)
280 300
Figure 3-19 Particle radius (mm) limit for kinetically controlled regime versus torrefaction temperature in Celsius. The
assumption of h=8.4 [W/m 2*K] was used in the (Pyle & Zaror 1984). h= 100 [W/m 2*K] was assumed in (M. J. Prins 2005).
The property assumptions for this characteristic time analysis are shown in Table 3-7.
Table 3-7 Biomass property assumptions for characteristic time analysis of kinetically limited torrefaction conditions.
Property
Convective heat transfer coefficient
Wood specific heat capacity
Wood thermal conductivity
Wood density
Kinetic pre-exponential factor
Value
h = 8.4 to 100 W m-2 K-1
c,= 1670 J kg-' K~'
k = 0.125 W m~'K-'
p = 525 kg m-3
ko =24800 s~'
Source
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(M. J. Prins 2005)
*ft qft Wft 446 Wft % % qft
Kinetic activation energy
3.6. Summary of literature review
Biomass torrefaction is a nascent research area with research articles being actively published on
the subject. This literature review shows that empirical test results proving torrefaction's
improvement of a variety of biomass fuel properties like energy density, grindability,
hydrophobicity, and fluidization behavior are available. Far less available are validated and
generalized torrefaction models either at a single particle level or at a systems integration level.
Models which quantify the chemical and physical alterations that occur during torrefaction are
crucial to improving fundamental understanding so that improved reactor and flowsheet designs
and conditions can be proposed and assessed.
Although the kinetically controlled torrefaction model by Prins is a significant
contribution, it does not include energy and chemical species balances and has no capability to
predict relevant fuel properties such has lower heating value or grindability. Moreover, the
dimensional analysis proves that a kinetically controlled regime only occurs during torrefaction
of very small particles.
In section 4, the analysis and assumptions behind robust torrefaction models designed to
predict the conversion rates, physical properties, and chemistry of torrefaction over a range of
operating conditions and particle sizes is described. The integration of a simplified single
particle model into a torrefaction process flow sheet model is also detailed.
4. Methodology
The overarching goal of the present work is a transient numerical simulation of the coupled
physical and chemical processes experienced by a single particle during torrefaction. This
requires the development of three detailed submodels which include a thermochemical model, a
grinding energy model, and a heat transfer model. Combining these three submodels into a
unified single particle simulation allows the analysis of various reactor configuration and
conditions. Independently, the thermochemical sub model may be used in reactor or flowsheet
modeling situations.
Ea, = 76 kJ/mol (M. J. Prins 2005)
The objective of the thermochemical model is to describe torrefaction reaction kinetics,
mass, energy, and species balance over a wide range of temperatures and time conditions. The
objective of the grinding sub model is to describe the grindability of the raw and torrefied wood
under varying torrefaction conditions. The purpose of the heat transfer model is to describe the
rates of heat and mass transport through the particle during torrefaction.
4.1. Torrefaction thermochemical model
4.1.1. Introduction
To the best knowledge of the author, no thermochemical model has been published which
comprehensively describes the mass, energy and species balance of torrefaction over a range of
conditions. Taken together, these balances will allow the description of the torrefaction enthalpy
of reaction as well as the solid and volatile product composition and characteristics. Such, a
thermochemical model is extremely important to accurately describing torrefaction at the various
scales of modeling (particle, reactor, or flowsheet).
At the particle scale, the heat of reaction resulting from torrefaction may act as a local
source or sink of thermal energy and therefore affect temperature and conversion profiles
significantly. As (Turner et al. 2010) note, the enthalpy of reaction is a crucial mechanism
through which chemical and heat transfer phenomena are coupled at the particle scale. The other
important coupling mechanism relates to the temperature and reaction dependent solid physical
properties (i.e thermal diffusivity). These dynamic properties strongly affect the rates of transport
processes. Accurate description of the evolution of these properties requires robust kinetic and
thermochemical models.
At the reactor scale, an accurate estimate of the heat of reaction is necessary for process
control. For example, process conditions which lead to excessive heat release could potentially
cause runaway thermal reactions in the absence of active thermal management.
During flowsheet modeling, it is necessary to quantify the thermal energy input required
during torrefaction to determine the overall process efficiency. In particular, the feasibility of
autothermal torrefaction as originally described by (Bergman, Boersma, Kiel & Zwart 2005),
which uses the combustion of released volatile products to provide heat for the process,
especially depends on the accurate estimation of the heating value of those volatile products.
In addition to the lack of thermochemical models for torrefaction or pyrolysis in the
literature, researchers have experienced difficulty in accurately assessing the thermochemistry of
torrefaction reactions even with carefully designed experiments and calorimetry instruments.
Attempts to measures the heat of reaction of torrefaction resulted in estimates ranging
from exothermic, endothermic, or a combination of both. Net heat of reaction estimates for wood
torrefaction and pyrolysis range from -2300 kJ/kg to 418 kJ/kg (Turner et al. 2010). These are
summarized in Table 4-1.
Table 4-1 Experimentally measured torrefaction heat of reaction for dry torrefaction and wet torrefaction (also known as
hydrothermal carbonization).
Enthalpy of Uncertainty or Wet/Dry Feedstock Method Source
reaction range
(kJ/kg) (kJ/kg)
87 ±449 Dry Willow ASTM bomb calorimetry (M. J. Prins
2005)
150 ±1350 Dry Beech Estimated through analysis (van der Stelt
of products and reactants 2011)
560 ±720 Wet Loblolly Estimated through analysis (W. Yan et
pine of products and reactants al. 2010)
>-2400 (lower bound) Wet Poplar Differential scanning (Funke &
I _calorimetry Ziegler 2011)
These experimental have so far been unsuccessful due to the small sample sizes (ranging
from milligrams to grams), the presence of impurities, and experimental conditions (Turner et al.
2010).
4.1.2. Approach
The present approach to developing a thermochemical model builds upon the existing work
published in (M. J. Prins 2005) and described in section 3.5.3. Prins' proposed kinetic
mechanism for torrefaction accurately models the solid mass loss profiles during kinetically
controlled willow and wheat straw torrefaction. He proposed a two step mechanism containing
five pseudo components (A, B, C, VI, and V2) and then calculated and fitted four Arrhenius
kinetic parameters (ki, k2, kvi, kv2) to the experimentally measured mass loss curve data. The
mass of the solid product is described by the sum of masses of A, B, and C, while the total mass
of volatiles is provided by the sum of Vl and V2. The composition of these pseudo components
in terms of actual chemical species and the enthalpy of reaction for each step has not been
estimated or modeled previously.
The set of five coupled ordinary differential equations describes the conservation of
mass of these pseudo components is shown in Appendix A.1. These can be solved by ODE
integrators by assuming initial conditions and providing the reactor temperature profile as a
function of time. An example solution of these equations is shown in Figure 3-17.
Separate volatile composition experiments also in (M. J. Prins 2005) reported the
cumulative yield of nine chemical species (i.e carbon dioxide, water, etc.) generated during
willow torrefaction under five torrefaction conditions.
The present approach to developing a robust species and energy balance is comprised of
three steps summarized in Figure 4-1 :
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Figure 4-1 Schematic summarizing data inputs, parameterization, and formulation of model to describe torrefaction mass,
species, and energy balance
Mass
balance
.
(1) application of fitting techniques to published experimental data enables formulation
of a volatile composition model describing the volatiles pseudo components (VI and V2) in
terms of actual chemical species,
(2) application of species conservation equations to relevant control volumes enables
formulation of a solid composition model describing the ultimate analysis of the solid product
and its constituents, pseudo components (A, B and C),
(3) application of energy conservation equations based on estimated thermophysical
properties of products and reactants enables description of reaction thermochemistry.
In this way, the complete species balance and thermochemistry of torrefaction can be
written as a system of ODE's coupled to the existing two step kinetic mechanism equations.
4.1.3. Solid mass loss kinetic model
Identification of an appropriate solid mass loss kinetic mechanism and parameters are crucial to
modeling the overall mass balance of torrefaction. Without an accurate model for the mass
balance of the process, attempts to model the species or energy balance will be severely limited.
Prins showed that a two step first order mechanism (shown in Figure 3-15) accurately
models the solid mass loss profiles during kinetically controlled torrefaction conditions of willow
and wheat straw. This solid mass loss kinetic model described in detail in section 3.5.3
4.1.4. Volatile composition model
While the solid mass loss kinetic model enables accurate prediction of the amounts of solid and
volatile products it lumps solid and volatile products into undefined groups (A, B, C) and
(V1,V2) respectively. With the ability to simulate the mass of VI or V2 present during
kinetically controlled conditions, we can formulate (and solve) an inverse problem which relates
these estimated masses of VI and V2 and compositional parameters to the total experimentally
measured masses of nine chemical species (i.e water, carbon dioxide). First the experimental data
is discussed followed by the formulation and solution of the inverse problem.
Volatile composition experimental data
In a separate analysis from his kinetic parameter fitting, Prins reported the composition of the
volatiles produced during five different experimental conditions during willow torrefaction (see
Figure 3-12) with solid mass yields between 66.7-92.6%. The total yields of nine different
chemical species collected during each torrefaction experiment are reported in tabular form in
Table 4-3.
Prins' experimental conditions are summarized in Table 4-2. Batch experiments of 10
grams of biomass with particle diameters between 0.7-2.0 mm accompanied by slow heating
rates of 10 C min~1 ensured that the torrefaction was kinetically controlled (M. J. Prins 2005).
The condensable volatile products were liquefied in a cold trap at 5'C while non-condensable
products were collected in a gas bag. All products were weighed to produce mass balance and
the volatiles were analyzed using GC and HPLC.
Table 4-2 Prins' willow torrefaction volatile composition experimental conditions. Tiniiai is designated at 200 'C (M. J. Prins
2005)
230 0.926
2 250 10 5 30 35 0.872
3 270 10 7 15 22 0.822
4 280 10 8 10 18 0.792
5 300 10 10 10 20 0.666
The temperature at which torrefaction reactions initiate is 200 'C. Tfinal is the maximum
temperature the reactor reaches after the heating period. The heatup time, which occurs between
when the temperature is ramping from 200 'C to Tfinal, is determined by the heating rate. The
total time is the summation of the heatup time and the isothermal time (the time sample is held at
Tfinal). The total time does not include the time to heat the sample from ambient temperature to
2000 C, nor does it include time when the particle is cooled. The solid mass yield is defined as
the mass of the solid at the total time divided by the initial solid mass which is taken when the
temperature is 200' C. For example, experiment #5 has a Tfinal of 300'C and heating rate of 10
C min-r. The total torrefaction time (20 minutes) is given by adding the heatup time (10 minutes)
to the isothermal time (10 minutes). Specifying whether total time includes the heatup time is
necessary to comparing experimental results consistently.
Table 4-3 Total volatile yields collected during five torrefaction experiments reported in (M. J. Prins 2005). Yields are reported
as (%wt) of the initial solid mass of the biomass at 200 'C.
2
1.5 6.825 0.45 0.4 0.175 0.125 0.025 2.907 0.315 12.722
3
3 7.625 0.9 1.05 0.475 0.225 0.1 3.823 0.544 17.743
4
3.05 7.9 1.1 1.8 1.225 0.25 0.45 4.153 0.881 20.808
5 5.1 12.95 1.975 3.65 3.075 0.25 1.075 4.045 1.217 33.338
It is clear from the results in Table 4-3 that the amount and composition of the total
volatile yields change with torrefaction temperature, residence time, and mass yield. For
example in experiment 1, methanol comprises 2.4% of the total volatile yield while in
experiment 5 methanol comprises 11% of the total volatile yield. Therefore a volatile
composition model must be able to account for the change in composition of the total volatiles.
Volatile composition model formulation
The formation of pyrolysis products and their subsequent interactions is a complex
chemical process and is still not well established. A wide variety phenomena (including
interactions between the lignocellulose components, the catalyzing effects of mineral content,
temperature and heating rate effects, and secondary (heterogeneous and homogeneous) reactions
all have important effects on volatile yields (Patwardhan et al. 2010; S. Wang et al. 2011).
Nevertheless, it is instructive to understand the pyrolysis products of pure lignocellulose
components in formulating a volatile composition model.
According to (Demirbas 2007) the condensable products of xylan (hemicellulose)
degradation consists primarily of eight products including water, methanol, formic acid, acetic
acid, propionic acids, 1 -hydroxy-2-propanone, and 1 -hydroxy-2-butanone.
Kinetically limited, fast pyroylsis of pure (ash free) hemicellulose derived from
switchgrass) at 500 'C results in similar products including carbon dioxide (18.8 %wt), water
(15.1% wt), formic acid (8.4%wt), and char (1 l%wt) and other dehydration products including
dianhydroxylopyranose and furfural (8%wt). (Patwardhan et al. 2011). Lower temperatures
(300 C) and the addition of minerals (alkali and alkaline salts) were found to increase char yield
significantly.
Kinetically limited fast pyrolysis of pure (ash free) cellulose (microcrystalline powder) at
500 'C yields different compounds than hemicellulose. The primary products include
levoglucosan (63%wt), formic acid (6.6%), glycoaldehyde (6.7%) and carbon dioxide (3.3%)
and char (-5%) (Patwardhan et al. 2010). However, the presence of even small amounts of alkali
and alkaline earth metals was found to drastically reduce the yields of levoglucosan and increase
the yields of char and low molecular weight species including formic acid, glycoaldehyde, and
acetol (Patwardhan et al. 2010).
Although levoglucosan is one of the primary products of pure cellulose pyrolysis it is
found in smaller quantities during wood pyrolysis. In fact, none is apparent in the volatile
composition experiments in Table 4-3. This is perhaps due to levoglucosan's thermal instability
which experiences subsequent decomposition and reactions to form volatiles including acetic
acid, acetone, phenols, and water (A. Demirbag 2000).
A zonal description of the reactions and products of wood pyrolysis was offered by
(GI10 & Ayhan Demirbag 2001), which is summarized in Table 4-4.
Table 4-4 Pyrolysis zones, temperature range, and characteristic volatile products (G0ll0 & Ayhan Demirbag 2001)
Zone Temperature Range Products
(OC)
Zone A <200 Water, carbon dioxide, formic acid, acetic acid, glyoxal
Zone B 200-260 Water, carbon dioxide, formic acid, glyoxal, carbon monoxide
Zone C 260-500 Methane, formaldehyde, formic acid, acetic acid, methanol,
hydrogen
Zone D >500 Char
As discussed above, torrefaction is characterized by the rapid (10-60 minutes) pyrolysis
of the hemicellulose component during the first step followed by the slower (60-180 minute)
degradation of the cellulose component in the second step. Therefore the volatile products
associated with hemicellulose degradation could be expected to appear in the VI (pseudo
components). The volatiles which comprise V2 could be expected to be similar to cellulose
pyroylsis products.
Based on this, we can hypothesize that the individual chemical compositions of the
pseudo components VI and V2 are comprised by unique mixtures of nine chemicals-
representative of hemicelluloses and cellulose pyrolysis, respectively. This hypothesis can
account for the varying composition of volatiles produced during torrefaction: VI and V2 are
produced in varying proportions- depending on the temperature and reaction conditions- and thus
both the total yield and average chemical composition of the volatiles will vary in time.
The chemical compositions of VI and V2 might be expected dependent on temperature.
However, given the limited temperature range of the above volatile composition experiments
between 230-300 C, the individual compositions of VI and V2 may not change drastically in
this range.
To summarize, we propose a simplified volatile composition model where VI and V2 are
individually modeled with a unique chemical composition (of nine species) which does not vary
with temperature (between 230-300'C). The composition and amount of the total
(experimentally measurable) volatile yield will vary with temperature and reaction extent. This is
a simplification of the complex pathways and reactions which lead to formation of volatiles and
does not account for the above mentioned phenomena of ash or secondary reactions.
Nonetheless, these simplifying assumptions are required to make progress given the limited
conditions and availability of volatile composition data for torrefaction.
Formulation of this model requires 18 parameters which are -as yet- unknown. These
parameters -which will be referred to as compositional coefficients- are the mass fraction of VI
and V2 which are composed of each of the nine (acetic acid, water, formic acid, etc.) chemicals.
For example if VI was comprised of exactly equal mass fractions of the nine possible volatiles,
then its nine compositional coefficients would have a value of 1/ 9 th or 0.111. The approach to
determining these parameters requires three steps:
1) Estimate the amounts of pseudocomponents VI and V2 which would be expected
during the five experiments through kinetic simulations
2) Formulate an inverse problem which relates the experimentally measured total volatile
yields to the kinetically simulated yields of VI and V2
3) Solve for the optimal set of 18 compositional coefficients through least squares
regression
1) Kinetic simulation
In order to model the composition of VI and V2, knowledge of the relative amounts of
VI and V2 present during the experimental conditions detailed in Table 4-2 is necessary. Since
they are pseudo components, the yields of VI and V2 are not possible to experimentally
measure. However, since the experimental torrefaction conditions were kinetically controlled, it
is possible for us to independently run Prins' kinetic model under identical conditions to those in
the five experiments. The kinetic simulation represents a solution to the coupled system of
ODE's (equations A.1-1 through A.1-5). By providing appropriate initial conditions and
imposing a particle temperature profile representative of the experimental conditions, the mass
yields of A,B,C,V1,V2 can be solved as a function of time. The simulated VI and V2 yields
under torrefaction conditions which parallel those experiments #1-5 are shown in Figure 4-2.
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Figure 4-2 V I and V2 yields from willow torrefaction kinetic simulations run at the experiment 1-5 conditions. Yields reported as
%wt of the original solid biomass at 200 C.
The total volatile yields Yvtot and solid mass yield Y can be calculated from the yields of
VI and V2 as shown in equations 4-3 and 4-2.
Yvtot = Yv1 + Yv2  4-1
Ym = 1 - YVtot 4-2
The kinetics simulation results indicate that VI comprises the vast majority of the total
yield of volatiles under all five experimental conditions. In experiment 5, V2 comprises only
25% of the total volatile yield.
Kinetic simulation verification
Prins' demonstrated the validity of his kinetic mechanism and simulation in describing
his experimentally measured mass yields. However the kinetics simulation is a numerical
solution of ordinary differential equations and therefore depends on a computational method of
solution. For consistency, it is necessary to verify that the current numerical solution of the
kinetics ODE's accurately describes the mass loss reported in Prins' experimental work. This
verification is shown in Figure 4-3.
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Figure 4-3 - Experimental solid mass yield from (M. J. Prins 2005) versus kinetic simulation results for solid mass yield. Kinetics
simulation uses kinetic parameters reported by (M. J. Prins 2005).
2) Formulation of inverse problem
Using two sets of compositional coefficients (nine describing VI and nine describing V2) allows
one to relate Yy 1 and Yv2 (from the kinetic simulations) to the experimentally measured total
yields of the nine chemicals. This relation between the kinetically simulated VI and V2 yields
and the nine experimentally measured total chemical volatile yields is summarized in the set of
nine equations demonstrated in 4-3 to 4-4:
Yyil *WV1,a + YV2 *WV2,a = Ya1 4-3
Yv1 * WV, 1 + Yv2 * wv2,i = 1 4-4
Where,
WVNx is the mass fraction of psuedocomponent VN (VI, V2) composed of chemical component
x (a, b, ... i),
YX" is the experimentally measured total yield of x (a, b, ... i) during experiment number n in
terms of mass fraction of initial solid mass (see Table 4-3),
YVN" is the simulated yield of psuedocomponent VN (VI, V2) for experiment number n (1,2,..5),
in terms of mass fraction of initial solid mass (see Figure 4-3).
For all nine chemical script (a,b... i) nomenclature definitions see
Table 4-5.
Table 4-5 Torrefaction volatile components and molecular formulas
Script Chemical Component Molecular Formula
a Acetic acid C2 H4 02
b Water H20
c Formic acid HCO 2H
d Methanol CH3 0H
e Lactic acid C3H6 03f Furfural C5 H4 02
g Hydroxy-acetone C3 H6 02
h Carbon dioxide CO2
i ICarbon monoxide CO
Since there were five experiments (and each experiment has nine total chemical yields) a system
of forty five total equations can be written. However only eighteen unknown parameters -
a1 through i1 and a 2 through i2- exist. Therefore the system of equations is overdetermined and
no single solution of the compositional coefficients can satisfy all 45 equations. Mathematically
the problem is represented in matrix form by the system:
11 2 1- Y 1 b1 '' 1
v12  v22  a2 2 2
3 3 WV1,a WV1,b -- ' Wyi y 3 3 3V1  'V2 WV2,a WV2,b* WV2 ,i) a b ' i
V144 V2 b4 '' 4
.YV1 YV2 Y  --- Yi-
Where the left-hand side matrix has dimensions of 5 rows by 2 columns and is composed
of the VI and V2 yields generated by the kinetics simulation, the center matrix has dimensions
of 2 rows by 9 columns and comprises of the 18 unknown compositional coefficients, and the
right-hand side matrix has dimensions of 5 rows by 9 columns and consists of the experimentally
reported total chemical yields.
3) Least squares solution
The unknown 18 compositional coefficients must be determined numerically (in this
case iteratively) until the least squares solution is found. Additional least square solution
constraints are described in equations 4-5 to 4-7:
w1= 1 4-5
WV 2,x = 1 4-6
a
Wv1,x,Wv2x > 0 4-7
These equations constrain the least squares solution of 18 compositional coefficients to be
physically meaningful by ensuring non-negative values. Also, since the compositional
coefficients are mass fractions, they are constrained to sum to 1.
Volatile composition model fit and verification
The 18 compositional coefficients which comprise the least squares solution are summarized in
chart and tabular form in Figure 4-4 and Table 4-6, respectively.
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Figure 4-4 VI and V2 compositional coefficients (% mass)
Based on the fitted coefficients, VI is composed primarily of acetic acid, water, and
carbon dioxide. These are volatiles are highly typical of hemicellulose degradation products and
are highly similar to the products created in zone A and B (200-260 C). V2 appears to be
composed entirely of condensable volatiles including lactic acid, methanol, and acetic acid,
water, hydroxyl-acetone (acetol), and formic acid. This bears agreement with the products of
Zone C (260- 500 'C) see Table 4-4. The presence of formic acid and hydroxy acetone (acetol)
in V2 is evidence of the mineral catalyzed decomposition of levoglucosan from cellulose
pyrolysis described in (Patwardhan et al. 2010).
Table 4-6 Fitted VI and V2 composition (% mass) through least squares minimization.
Chemical Component Percentage
VI V2
cetic acid WV1a =14.9% WV2,a =15.2%
Water wVi,b=47.3% WV2,b =11.7%
Formic acid wv,,=5.1% WV2,c=6.5%
Methanol w1,d=4 .5% WV2,d= 2 8 .8 %
Lactic acid Wy1,e=1.5% WV2,e=30.5%
Furfural WV,f=1.1% WV2,f=0-0%
Hydroxy acetone WV,p = 1.0% wV2,j=7.4%
Carbon dioxide WV1,h=20.4 % WV2,h=0.0%
Carbon monoxide wvi=4.2% WV2.i=0.0%
sum 100% 100%
These fitted compositions of VI and V2 support the validity of the original
hypothesis/assumption that the unique compositions of VI and V2 are fixed with temperature
and are representative of hemicellulose (zone A,B) and cellulose (zone C) pyrolysis products.
By calculating the mass fraction of (acetic acid, water, etc) which is carbon, hydrogen
and oxygen, it is possible to estimate the carbon, hydrogen, and oxygen content of VI and V2.
This is shown in Figure 4-5.
Willow (dry, ash-free) V1 V2
" Carbon
* Hydrogen
- Oxygen
Figure 4-5 Carbon, hydrogen, and oxygen content (% mass) for willow (dry ash free) compared to VI and V2
The accuracy of the fit achieved by the least squares solution can be quantified by
plotting the total volatiles yields resulting from the least squares solution against the
experimental total volatiles yields. Figure 4-6 consists of 45 points with x coordinate of each
point determined by volatile yield calculated from the least squares solution, and the y coordinate
of each point determined by the experimental data point.
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Figure 4-7 Volatile yield calculated from least squares solution versus the experimentally measured volatile yield
Figure 4-8 demonstrates no outliers and no significant bias in either the slope or intercept
of the best-fit line. A high coefficient of determination (R2 =0.984) implies that the least square
solution fits the experimental data satisfactorily. 95% of the least square solution values are
within ±0.66 percentage points (% weight) of experimental. The goodness of fit suggests that the
hypothesis that V1 and V2 have fixed composition can accurately describe the changing
composition of volatiles apparent in the experimental data. Validation of these model results
against data which was not used for fitting is shown in section 5.2.2.
Volatile yield model (ODE representation)
A set of rate equations describing the production rate of any chemical component (acetic
acid) can be defined. These nine equations depend on the production rates of Vi and V2 and the
compositional coefficients (wv1,a, wv2,a, etc.). They are expressed generally by equation 4-14:
-g1 = wv1,a * rv1 + wv2,a * rv2 4-
where -i-- represents the production rate (in kg s -1) of chemical specie x (a,b,...i) and rvi and rv2
are the production rate of VI and V2 reaction rates in kg s-1 (defined by equation A.1-4 and
A.1-5, respectively).
4.1.5. Solid product composition model
The composition of A is fixed and known from the ultimate analysis of the raw biomass. The
composition of V 1 and V2 is fixed and defined by the previously described volatile composition
model. Based on the- now known- composition of VI and V2 is it possible to predict the
evolution of the composition of the remaining solid product based on a simple species balance.
In other words, the evolution of the average solid product composition depends only on:
-The initial solid product composition (i.e ultimate analysis of raw biomass)
-The amount and composition of the volatiles which have left the solid product (i.e amount and
composition and amount of V1,V2).
However, the evolution of heat released (due to chemical reactions) depends on the
composition of products and reactants generated at the instant at which the reactions are occur-
not on the average composition of products and reactants which exist in a system. This requires
more information about the nature of the solid pseudo components (B and C) which are reacting
and being produced. The composition of B and C can be determined by additional species
conservation equations. Note that the individual compositions of B and C are only relevant in
the context of reaction thermochemistry. They are not necessary to estimating the average
composition of the solid product
In summary, two types of solid product composition are relevant:
1) Average solid product composition
2) Composition of B,C: Describes the composition of B and C which is reacted/formed at a
given temperature. Their compositions are required to determine the energy balance of
each step.
The next requirement for the thermochemical model is the definition the composition of B and C
pseudo components on a molar basis with the molecular formula (i.e Ca Hb Oc) or on a specific
basis with the ultimate analysis. Development of these equations requires analysis of the
stoichiometry of the torrefaction reactions (as defined by the rate expressions).
Average solid product composition
Since the solid product is represented by a mixture of A, B and C components, its average
composition depends on the time varying concentration and composition of A, B and C. A
straightforward way to track the average solid composition is to draw a control volume around
A, B, and C (see Figure 4-9). Combining control volume conservation laws with the kinetic rate
laws, we can relate the rate of change of the carbon, hydrogen, and oxygen content (in kg) of the
solid to the composition and formation rates of V1 and V2.
Volatile
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Figure 4-9 Solid product control volume
The resulting species conservation equations which govern the composition of the solid product
are shown in 4-9 through 4-11:
d(msws,c) 
_ 4-9
dt v1wv1,c - rv2wv2.c
d(msws,H) 
_ 4-10
dt v1wv1,H ~ rv2wv2,H
d(msws,o) 
_ 4-11
dt viwv1,o - rv2wv2,o
Where, msis the mass of the solid (in kg)
wy,X is the mass fraction of species "X" (i.e C,H,O) contained in component "Y" (i.e S VI, V2)
rv and rv2 are previously defined reaction rates in kg s4 see Appendix A.2.
From this model of the ultimate analysis of the solid product, its heating value can be
estimated by the correlations in Appendix B.
Therefore twelve rate equations described in 4-8 through 4-11 coupled with the five mass
loss kinetic rate equations (A.1-1 through A.1-5) completely describe the mass and species
balance during torrefaction. The evolution of the composition of volatiles and the solid product is
described in terms of actual chemical species. The remaining equations and analysis for this
model are required to describe the thermochemistry of torrefaction.
Reaction stoichiometry (relative rates)
The compositions of B and C are necessary to understand the energy balance of each reaction. In
order to determine the composition of B and C the relative rates at which each reaction must be
assessed.
Stoichiometry represents mass balance of a chemical reaction while kinetics relates to the
formation and decomposition rates of products and reactants, respectively. However, the relative
rates of reaction between products and reactants are determined by the stoichiometric
coefficients (and vice versa). Therefore, by determining the relative rates of reaction, the reaction
stochiometry can be defined. The two step kinetic mechanism can be expressed by the two step
reaction mechanism shown (on a specific basis) in equations 4-12 and 4-13:
1 A -> [B + vV1 4-12
1 B -+ yC + (V2 4-13
Where fl, v, y, { are dimensionless and represent the relative rates of reaction
The relative rates of reaction define the reaction stoichiometry on a specific basis: for each gram
of A which reacts, f# grams of B are created while v grams of VI are created. Due to mass
conservation, the relative rates must sum to 1 (shown in equations 4-14 and 4-15):
f#+v = 1 4-14
y+ = 1 4-15
The ODE equations describing the conservation of A,B,C, etc are summarized in Appendix A. 1 .
The relative rates depend on the ratio of kinetic rates between K1 versus Ky1 and K2 versus Ky2
(shown in equations 4-16 through 4-19). See Appendix A. 1 for the derivation the relative rates of
reaction.
ki 4-16
k1 + kv1
kv 4-17
V = +
k1 + ky1
k2 4-18
y = k2 + kv 2
kv2 4-19
k2 + kv 2
Where,
kN are Arrhenius rates with units of 1/s.
Depending on the activation energies of the kinetic parameters, the relative rates can have
temperature dependence. In the case of the willow kinetics reported by Prins, y and { are
constant due to the equal activation energies of k2, kv 2 of that step. The relative rates during
second step appear to show no temperature dependence (for willow parameters). Each gram of B
which reacts is converted into 0.59 g V2 and 0.41 g of C.
However, #l and v are temperature dependent due to the unequal activation energies of
k1, kv1 (see Figure 4-10).
1 -
0.9 -
0.8 -
(l) 0.7 a 0. - '' -- - p (A --> B)
1 0.6 -*.eeeeeeeee.eeeeeeeee eeeeeeeeeee*
>- 0.5 - ---- v(A--> V1)
0.4 -Z E
0.3 - - Y (B -->0)
0.1 - .(B. -V2)
0
200 210 220 230 240 250 260 270 280 290 300
Temperature (*C)
Figure 4-10 Two step willow torrefaction relative rates (dimensionless) versus temperature in *C
Although the vast majority of A converts into intermediate product (B), increasing
amounts of VI (relative to B) are produced at higher temperatures. At 220 'C each gram of A
which reacts forms 0.9 g of B and 0.1 g of VI. However at 300 'C, A degrades to form 0.7 g of
B and 0.3 g of V1.
The competitive nature of the first step of this kinetic mechanism is similar to the
pyrolysis characteristics of pure xylan (hemicellulose) demonstrated in TGA mass loss kinetics
experiments by (van der Stelt 2011; Colomba Di Blasi & Lanzetta 1997). In these experiments,
pure xylan was subjected to a 10-70 'C/min heating rate until reaching a prescribed maximum
temperature (between 220-300'C) after which it was held at this temperature for up to 120
minutes. The maximum mass loss (i.e volatile formation) which occurred during xylan pyrolysis
exhibited temperature dependence.
For example, the final volatile yield of ranged from 25-56 %wtinitial solid after 120 minutes
depending on the final temperature (220 to 300 0C, respectively) (van der Stelt 2011). This
increased to 56% for 300 0C. In other words, increased temperature favors the formation of
volatiles (relative to solid product) during hemicelluloses pyrolysis.
Cellulose pyrolysis also demonstrates this competitive behavior between volatile and char
formation- but to a lesser degree. In TGA mass loss kinetics experiments of cellulose between
240-300'C by (Cho et al. 2010), the final char yield varied between 10-30 %wtinitial solid.
Correspondingly, the final volatile yield achieved during pure cellulose pyrolysis ranges between
70- 9 0%wtinitial solid (increasing linearly with temperature).
These similarities further support the proposal that the volatile formation which occurs
during the first step is primarily (but not solely) attributed to hemicellulose decomposition, with
an increasing contribution from cellulose at higher temperatures.
Summarizing this analysis of the kinetic mechanism:
-Torrefaction mass loss is modeled by a two-step process where the raw biomass (A)
degrades to form an intermediate solid product (B) and volatiles (VI). The remaining solid
product (B) slowly and subsequently decomposes to reactive char product (C) and volatiles (V2),
-The reactions which form solid and volatile are competitive: the relative availability of
reaction pathways (solid to vapor) exhibits temperature dependence.
Composition of B and C (reaction species balance)
The composition of B and C is necessary in order to estimate the energy balance of each step.
Based on an understanding of the decomposition of the pure components, B chemically
represents an intermediate solid containing the charred remnants of the hemicellulose
decomposition along with depolymerized cellulose and minorly degraded lignin fraction. C
represents a final charred product containing completely pyrolyzed hemicellulose and cellulose
with a partially degraded lignin fraction.
From the reaction mass balance defined previously, it is now possible to define the
composition (i.e ultimate analysis) of B and C. The six unknowns include the carbon, hydrogen,
and oxygen content of B and C. Three species conservation equations can be written for each
reaction step resulting in six equations (see equations 4-20 through 4-25).
A%c -- f * B%c - v * V1%c =0 4-20
A%H - f * B%H - V Vl%H 0 4-21
A%O - f * BO - v * V1%o =0 4-22
B%c - y * Cc - * V2%c = 0 4-23
B%H - y * CH-* =%H 0 4-24
B%O - y * Coo - * V2%0 =0 4-25
Where,
#l, v, y, { are the relative rates of reaction, and
X%y denotes the percentage of pseudo component X (A,B,C,V1,V2) made up by species Y
(C,H,O) on a percent mass basis.
Rearranging equations 4-16 through 4-19 the gives the composition of B and C as a
function of the relative rates and the known and fixed compositions of A, VI, and V2 (see
equations 4-26 and 4-27).
Bx = Aox - v*V lx 4-26
Ao/x -v*V1%x 4-27
BC x - *V2%x _ - v V2%x
C/ - Y fl Y
Although the composition of A, VI and V2 are modeled as fixed- and therefore have no
temperature dependence, due to temperature dependency of fl and v the instantaneous
composition of B and C will also have temperature dependence. Substituting the kinetic
parameters for willow (see Table 3-4) and the initial ultimate analysis of willow (see Figure 4-5),
and the composition of Vi,V2 (see Figure 4-5) into the above equations results in Figure 4-11
which summarizes the change in composition of B and C as a function of temperature. At 300 'C
(the upper temperature limit for torrefaction), C is composed almost entirely of carbon (98.7%)
which represents char. At the 200 'C (the lower temperature limit for torrefaction) B is very
similar in composition to A (non torrefied willow). In both B and C, as temperature increases the
mass fraction of carbon increases while those of hydrogen and oxygen go down. This trend of
reduced hydrogen and oxygen mass fraction in the char with increased temperature with has been
noted in (Neves et al. 2011) which performed a structured collection of pyrolysis product
composition data over a range of pyrolysis peak temperatures (200-1000 C).
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Figure 4-11 Composition of B, C (% weight, dry, ash-free) modeled by equations 4-26 and 4-27
The compositions of B and C defined in Figure 4-11, and their associated thermophysical
properties (section 4.1.6) are used to define the enthalpy of reactions for torrefaction (described
in section 4.1.7).
4.1.6. Thermophysical property estimation
In order to model the reaction thermochemistry, the enthalpy of all products and reactants must
be determined. The specific enthalpy of component N in J kg-1, known as HN, is estimated by
equation 4-28:
HN hNf + Cp,N(T - T0 ) 4-28
Where hN,f is the heat of formation of component N in J kg-' and
Cp,N is the specific heat of component N in J kg' K-1
T is the reaction temperature in Kelvin
Tois the standard temperature (298.15K)
Volatile products (V1,V2)
V1 and V2 is modeled as an ideal gas mixture of its pure chemical components (i.e acetic acid,
water, etc.). Data for these species are available from various sources. Table 4-7 summarizes the
thermochemical data for the volatile species.
Table 4-7 Specific heat (J/kg*K) and standard enthalpy of formation (J/kg*K) for volatile components(National Institute of
Standards and Technology 2011; Vatani et al. 2007; Emel'yanenko et al. 2010)14
Chemical Molecular Mass Cp,gas @500K Hj,gas
[g mol 1] [J kg'K ] [J kg1K 1
Acetic Acid 60.0536 1564.1 -7,210,226
Water 18.0158 1937.8 -13,423,217
Formic Acid 46.0268 1360.7 -8,234,333
Methanol 32.0426 1863.1 -6,397,733
Lactic acid 90.0804 1815.1A 6,814,579A
Furfural 96.0866 1541.4 -1,556,929
Hydroxyacetone 74.0804 1863.1* -5,003,618~
Carbon Dioxide 44.011 1025.4 
-8,941,456
Carbon Monoxide 28.011 1047.0 -3,945,950
For simplicity, the specific heat was taken at a fixed temperature (500 K). Standard temperature
for enthalpy of formations were taken at 25 'C (298.15K). Combining the results from Table
4-7 with the volatile composition results in Table 4-6, the mass averaged specific heat, specific
ideal gas constant, and heat of formation for "Vi" and "V2" are summarized in Table 4-8
Table 4-8 Mass averaged thermophysical properties of VI and V2
Component Molecular Specific Ideal Gas cp,gas C&,500K Hfgas
Mass Constant [J kg'1 K~1] [J kg' K-][g/mol] [J kg-1 K I
V1 34.549 240.642 1619.8 -10,297,190
V2 56.370 147.491 1793.7 -7,570,756
1 Unless otherwise noted, properties are from (National Institute of Standards and Technology 2011). ^ superscript
indicates (Emel'yanenko et al. 2010) as source. ~ superscript indicates (Vatani et al. 2007) as source. *superscript
indicates that the gas phase specific heat not available so this was assumed equal to methanol. For hydroxyacetone,
only Hfiq was available from (Vatani et al. 2007) so this was converted to RHfgas by the heat of vaporization (42 +3
kJ/mol) reported by (Petitjean et al. 2010) .
Solid reactant and products (A,B,C)
Heat offormation
The heat of formation of solid fuels (such as biomass) is not usually measured. However several
validated correlations have been developed to predict the heating values (i.e HHV) of
hydrocarbon and coal fuels based on their ultimate analysis. These correlations are almost as
accurate as those derived with bomb calorimetry and are commonly applied to biomass
feedstocks. They have a precision of about +1 MJ/kg. One commonly used correlation is shown
in equation 4-29 from (Institute of Gas Technology 1978). Additional correlations are shown in
Appendix B.
HHV = (151.2(%C) + 499.77(%H) - 47.7(%0) + 45(%S) - 27(%N) - 189) * 2.326 4-29
Where, %X is the percentage weight of X in a fuel determined via ultimate analysis on a dry
basis.
With the HHV (or heat of combustion) of a fuel, it is possible to estimate its heat of
formation via combustion stoichiometry and first law energy balance. This approach to
estimating the heat of formation of biomass fuels has been used previously in the literature (see
(W. Yan et al. 2010)). The relationship between HHV and the heat of formations of reactants
and combustion products is shown in equation 4-30:
Qreaction = -HHV = Y vi Si - Vi Ri 4-30
products reactants
Where, HHV is the higher heating value in J/mol and Hij is the heat of formation in J/mol for
the ith product or reactant. vi is the number of mols product or reactant per mol of solid fuel
reactant.
After substitution and rearrangement the heat of formation of a solid fuel can be defined
in terms of its heating value and heat of formation of combustion products (see equation 4-31)
HHV (a * 0.012011 + b * 0.001079 + c * 0.016) + y * (-285.83) [ kj]+ z * (-393.522) [ j] 4-3 1
Where,
HCaHb0c f is the heat of formation (in kJ/mol) of a solid fuel described by the empirical equation,
Ca Hb Oc, and a, b, c, x, y, z are in units of mols and defined by combustion stoichiometry. The
nomenclature for combustion stoichiometry is described in Appendix 0. For the full derivation
of equation 4-31 see Appendix C.
Specific Heat
The specific heats of raw wood (represented by pseudocomponent "A") and char (represented by
"C") were taken from (Colomba Di Blasi 1998):
1 4-32
CPA = 2 3 0 0 [ ]-3
cpc 1100[ 4-33kgK
As it is an intermediate product between A (raw wood) and C (char), the specific heat of B is
estimated by the linear average of wood and char as shown in equation 4-34
CPB = (CpA + cpc)2 4-34
The knowledge of the specific heat and enthalpy of formation of all pseudo components is
summarized in Table 4-9.
Table 4-9 Summary of thermophysical property estimates for kinetic pseudocomponents A,B,C,V1 and V2
Heat of Formation [J kg- K-1] Specific Heat [J kg-K 1]
A (Equation 4-31) 2300
B (Equation 4-31) 1100
C (Equation 4-31) 1700
V1 -10,297,190 1619.8
V2 -7,570,756 1794
4.1.7. Torrefaction heat of reaction
Since defining the relevant thermochemical properties of the torrefied products and
reactants, the overall heat of reaction - as well as those of each step- can be calculated.
Torrefaction reactions can be broken into two steps shown in equations 4-35 and 4-36:
A f B +vV1 4-35
B -> yC + {V2 4-36
Where fl, v, y, are the relative rates of reactions.
The heat of reaction for steps one and two are defined in equation 4-37 4-41, respectively on a
specific basis:
AHr,1 = /HB + vHv - HA 4-37
A Hr,2 = yHc + Hv2 - HB 4-38
Where, HN is the enthalpy of pseudocomponent N in J/kg. This heat of reaction is defined
per kilogram of reactant; so for step one, AHri is defined per kg of A while A Hr, 2 is defined per
kg of B. fl, v, HB, and He have temperature dependence, therefore both A Hr,1 and A Hr,2 are
expect to show temperature dependence as well.
The overall heat of torrefaction depends on the extent that reaction steps one and two
have completed. This is dependent on the reaction kinetics. A heat of reaction rate (in Watts)
can be defined in terms of AHr,1and A Hr,2 as well as the rates at which step one and step two are
occurring. The rates of decomposition of A and B are represented by -rAl and -rB,2,
respectively, which are positive with units of kg/s and are defined in equations 4-39 and 4-40.
-rA,1 = (k1 + kv 1 ) * A 4-39
-rB,2 = (k2 + kv 2 ) * B 4-40
Where all variables have been previously defined.
The overall heat of reaction rate - has units of Watts and is the sum of the products ofdt
each reaction rate (rA,1, rA,2) with its corresponding heat of reaction (AHr, AHr,2 ) as defined in
equation 4-44.
dqr 4-41d - -rA'AHr,1 + rB,2AHr,2dt
This differential equation can be integrated numerically along with the other kinetic rate
equations (defined in Appendix section A. 1). In this case the initial heat input, qr,o is assumed 0.
4.1.8. Torrefaction thermochemistry model overview and summary
The mathematical formulation of a volatile composition, solid composition, and thermochemical
model has been described. These models are represented in rate equation form and are coupled to
kinetic mass loss rate equations. Formulation of the model in such a matter enables a dynamic
description of the:
1) Mass yields of specific volatile chemicals (i.e kg of acetic acid)
2) Carbon, hydrogen, and oxygen content of the solid torrefied product
-Based on this composition its heating value can be estimated
3) Cumulative heat of reactions
These model equations and their initial conditions are summarized in Table 4-10.
Table 4-10 Summary of thermochemical model rate equations and initial conditions
Rate Equation Units Governs Initial Condition
dA kgA s Mass of A 1 kgA
dt
dB kgB s Mass of B 0 kgB
dt
dC kgc s Mass of C 0 kgc
dt
dV1 kgvi s Mass of V1 0 kgvi
dt
dV2 kgv2 S Mass of V2 0 kgv2
dt
dVx kgx s Mass of Xh volatile 0 kgx
dt component (i.e acetic acid)
d(msws,c) kgc s Mass of carbon in solid Feedstock dependent
dt product (0.4796 kgc for willow)
d(msws,H) kgH s - Mass of hydrogen in solid Feedstock dependent
dt product (0.6199 kgH for willow)
d(msws,o) kgo s 1 Mass of oxygen in solid Feedstock dependent
dt product (0.4583 kgo for willow)
dqr J s- Cumulative heat of 0 J
dt reactions
The initial ultimate analysis (on a ash free, nitrogen free basis) of the solid product was based on
raw willow as reported by (M. J. Prins 2005, p.123).
At present, the model parameters are feedstock specific: the kinetic mass loss and volatile
composition model parameters were derived from Prins' willow torrefaction experiments.
However, the mathematical framework through which model parameters (such as the
compositional coefficients) were extracted from the experimental data is feedstock general:
similar kinetic mass loss (using TGA) and volatile composition experiments (using HPLC) could
be applied to any feedstock.
4.2. Size reduction energy model
Section 3.5.4 showed that kinetically limited torrefaction only occurs for small particles (<1
mm). However, achieving such a small particle size requires excessive energy costs (see Figure
2-10). Although torrefaction has empirically been shown to improve grinding characteristics, no
general models exist to predict the grinding energy as a function of the severity of torrefaction
and particle size. Figure 4-12 further demonstrates the importance of such a model. Since size
reduction occurs at several steps during the biomass gasification process, we must be able to
quantify the tradeoffs between smaller particle size and increased grinding energy requirement.
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Figure 4-12 Schematic of thermal and electrical energy inputs required during BTL
Woody biomass harvesting size reduction can be broken into several distinct phases
including felling, cutting, splitting, chipping, and grinding. At each step different mechanical
modes (i.e sawing, splitting, impacting, crushing, etc.) are used to achieve successively smaller
particle size. Grinding can be classified by size reduction of particles between 1 pm to 10 mm
and is the most expensive from an energy and capital perspective (Hukki 1961). For the purposes
of biomass grinding, a grinding models must be applicable in the size ranging from an initial
size of wood chips (25-50mm) to a final size as fine as powders (<10-200 pm).
Section 2.4.1 describes the grinding model developed by (Miao et al. 2011) to fit
experimentally measured grinding energy for raw willow, miscanthus, and switchgrass
feedstocks. The approach to developing a grinding energy model for torrefied wood is similar to
that used in the thermo chemistry sub-model: by taking empirical measurements from the
literature and relating them to fundamental equations, generalized coefficients and indices can be
derived.
4.2.1. Raw biomass structural anisotropy
Before the details of the grinding model are delved into, it's important to understand the
fundamental mechanisms through which torrefaction affects grinding.
The structure of wood is dependent on its constituent wood cells and been analogized to
reinforced concrete. The hemicellulose can be compared to concrete which glues together the
vertically oriented, rod-like cellulose macrofibrils. Due to this structure, the longitudinal
(parallel to the grain) strength of raw wood exceeds its strength in the radial or tangential
directions (perpendicular to the grain). Strength also depends on the failure mode (i.e
compression, tension, or shearing), angle of applied force, and fracture propagation mechanisms
(Grekin & Surini 2008; Kelly 1994).
Wood is between 9-10 times stronger for compression parallel to the grain compared to
compression perpendicular to the grain (see Figure 4-13). Shear strength parallel to the grain
ranges from 8-15 MPa. Shear strength perpendicular to the grain is difficult to measure 5 but is
estimated to be 2.5 to 3 times higher (Green 2001).
15 During attempts to achieve shear failure perpendicular to the grain usually occurs first (Green 2001)
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Figure 4-13 Maximum compression (crushing) strength for various wood species parallel to grain and perpendicular to grain.
Adaptedfrom: (Kelly 1994)
As a result, during the grinding of raw biomass fractures and breakages occur along its weakest
orientation (parallel to the grain), which results in fibrous cylindrical particles.
Although researchers have yet to apply similar compression, tension, and shearing tests
on torrefied biomass, hypotheses have been proposed to explain the grinding energy reduction
caused by torrefaction. Bergman and coworkers hypothesized that since the hemicellulose
experiences major decomposition and cellulose depolymerization occurs, the energy required to
break the hemicellulose and cellulose bonds is reduced (Bergman, Boersma, Kiel, M. J. Prins, et
al. 2005). As a result, a given energy input results in greater number of fractures both occur
parallel and perpendicular to the orientation of the macrofibrils. This results in increased
grindability and particles with lower aspect ratio.
4.2.2. Empirical measurements of torrefied wood grinding
Empirical measures of torrefied wood size grinding have been analyzed by (Bergman, Boersma,
Kiel, M. J. Prins, et al. 2005), (Repellin, Govin, Rolland & Guyonnet 201 Oa) and (Bridgeman et
al. 2010).
The analysis by (Bergman, Boersma, Kiel, M. J. Prins, et al. 2005) is summarized in
Figure 4-14. It shows grinding energy required to produce 200 micron particles versus percent
conversion of A16 . It shows that drying to a bone dry level already reduces grinding energy from
320 kWh/ton to 136 kWh/ton. Moreover, the results appear to indicate a threshold conversion
percentage of 55%- above which-grinding energy is almost a third compared to bone dry wood
(Bergman, Boersma, Kiel, M. J. Prins, et al. 2005). They provide no hypothesis for why such a
threshold exists. The flattening of data past this point seems to indicate low data quality and/or
difficulty in measuring grinding energy.
Finally, the inability of this model to account for different initial and final particle sizes
makes its results applicable to only a specific case; so, although they did directly link a measure
of torrefaction severity (i.e percent conversion of A) to grinding energy requirement, it lacks
generality.
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Figure 4-14 Grinding energy (kWh/ton) for 200 micron particle diameter vs. conversion A (%). Adapted from: (Bergman,
Boersma, Kiel, M. J. Prins, et al. 2005)
Reppellin and coworkers torrefied spruce and beech particles (2-4 mm diameter) at
temperatures between 180-300 'C at for varying durations. They then measured the electrical
power required to grind raw and torrefied particles to a 500 ptm mesh. Their results are
summarized in Figure 4-15.
16 "A" is the component from the two-step kinetic mechanism described in section 3.5.3
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Figure 4-15 Grinding energy (kWh/ton) vs anhydrous weight loss (%). <500 pm mesh. (Repellin, Govin, Rolland & Guyonnet
2010a)
Their reported grinding energy requirement for raw beech and spruce (0% weight loss) is 450-
800 kWh/ton, which is significantly higher than that found by (Bergman, Boersma, Kiel, M. J.
Prins, et al. 2005) which was 320 kWh/ton even Repellin used a larger sieve (500 pm compared
to 200 ptm). Reppelin defined a "Grindability Criterion" 1 7 . However, due to its simplicity, it
lacks generality and only applies to particles pulverized to a specific size (200 pm).
(Bridgeman et al. 2010) took a different approach by correlating anhydrous mass loss
with the hardgrove grindability index (HGI). HGI is an empirically derived test commonly
applied to various types of coal to describe the uniformity and ease at which they are pulverized.
The traditional test involves grinding a sample mass of coal (50g with a initial size of 1.18 mm
X 0.6 mm) in a special milling apparatus which crushes the coal under steel spheres at a
specified load and number of revolutions (50 revolutions) (Australian Coal Association Research
Program 2008). The mass of the resulting pulverized coal which is smaller than 75 pm
determines the HGI. Therefore a higher HGI indicates a sample which is more easily grinded.
(Bridgeman et al. 2010) modified the traditional test for biomass by using a fixed volume (50
cm3) instead of a fixed mass (i.e 50 g) and calibrated his results using coals of known HGI. They
torrefied willow and miscanthus under various different conditions (particle size, residence time,
17 "G" was defined as the grinding energy requirement (in kWh/ton) divided by the volumetric fraction of particles
smaller than 200 ptm
temperature), and measured the resulting product ultimate/proximate analysis, heating value,
particle size distribution and HGI. The combination of their measurements of HGI with their
reported anhydrous mass loss results in Figure 4-16.
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Figure 4-16 Hardgrove Grindability Index (HGI) versus anhydrous mass loss (Mies,/Minitiai) for willow and misacanthus
torrefaction.
For miscanthus, above a threshold mass loss of 0.17, HGI experiences a jump but continues a
linear relationship thereafter. There appears to be a strictly linear relationship between HGI and
anhydrous mass loss for willow. This linear relationship results in the equation:
HGI = 171.6mi - 6.0767 4-42
Where m, is the mass loss fraction (mioss/minitiai) which occurs during torrefaction.
The non-zero intercept of this equation would imply that raw willow (0 mass loss) would
have a non-physical HGI of -6.07. Therefore, this equation should not be extrapolated outside of
the measured range of mass loss (0.064 to 0.257). The fact that Bridgeman and coworkers
reported an HGI of 0 for untreated willow and miscanthus further supports the conclusion that
HGI should not be used as a grindability index for raw biomass (Bridgeman et al. 2010).
Values of HGI for coal ranges widely from 32-115 (Sengupta 2002; Bridgeman et al.
2010). Torrefaction allows willow and miscanthus to approach the lower end of this range.
Although HGI itself is not a measure of grinding energy it can be related to the bond work index-
which is directly related to grinding energy requirement. This is described in section 4.2.4.
4.2.3. Bond Work Index (BWI)
Bond first proposed a theory of comminution in 1952 which is now the standard method for
sizing and determine the efficiency of industrial grinding equipment (Bond 1952; Rowland &
McIvor 2009). Of the three energy-size reductions theories 8 , Bond's theory is applicable to
particles in product range of 25 mm to 20 micron (Hukki 1961; Lynch & Rowland 2005).
It is based on the three principles described in (Bond 1961), and it concludes that that
specific energy input for grinding is proportional to the square root of the product particle
diameter minus that of the feed. This is shown in the Third Theory equation (4-43)
1 1 4-43
Where, W is the electrical work in kWh/ton
Wi is the bond work index (BWI) for that material,
P is the 80% passing size of the product in jim, and
F is the 80% passing size of the feed in pim.
The work index W has been empirically determined for a wide variety of materials
including minerals, cement, and coal (Bond 1961). Bond's third principle states that the work
index is controlled by the average weakness of the flaw structures present throughout the range
of sizes tested. Therefore the work index can vary with size due to natural grain sizes. This is
particularly true in the case of raw woody biomass which is inherently anisotropic. The work
index represents the specific work (in kWh/ton) required to take a particle from infinite feed size
to an 80% passing size of 100 jim.
4.2.4. Converting HGI to BWI
All conversions between HGI and BWI have been published in form of equation 4-44:
Wi = a(HGI)b 4_44
18 Prior to Bond's theory, Rittinger (in 1867), and Kick (in 1885) had proposed comminution theories. See (Hukki
1961).
Where values for a and b are provided in Table 4-11:
Table 4-11 Coefficients for converting HGI to BWI
a b Source
88 -0.5 (Bond 1954)
435 -0.91 (Bond 1961)
1622 -1.08 (McIntyre & Plitt 1980)
This relationship completes the connection between torrefaction severity and grinding energy
requirement. The relationship between torrefaction severity (measured by mass loss) and BWI
(with all three sets of coefficients from Table 4-11) is shown in Figure 4-17.
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Figure 4-17 Bond Work Index (BWI) vs. anhydrous mass loss (Moss/Minitial)
The coefficients from (McIntyre & Plitt 1980) predict the greatest variation in BWI with HGI
and are the most conservative (predicts the highest grinding energy). This predicts that torrefied
wood approaches the bond work index of coals which are usually between 12-13 (kWh/ton)
(Bond 1961)
By combining equations 4-42 , 4-43, and 4-44 results in equation 4-45
Egt = 10 a(171.6m, - 6 .0 76 7 )b ) 445
Where, Et is the grinding energy for torrefied wood in kWh/ton and all other variables have
been previously defined. This equation applies for wood which has been torrefied to greater than
6.4% mass loss. For mass loss less than 6.4%, the biomass can be considered raw and therefore
the model and coefficients described in Section 2.4.1 can be applied in this range.
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Figure 4-18 Grinding energy (kWh/ton) versus mass loss (Mloss/Minitial) and final particle size. Initial particle size 2.5cm. HGI
to BWI coefficients from (McIntyre & Plitt 1980)
4.2.5. Torrefaction grinding energy sub model overview and discussion
The grinding energy sub model is able to predict grinding energy as a function of particle size
and degree of torrefaction. By combining empirical results from (Bridgeman et al. 2010) with
Bond's comminution theory, the grindability indices (HGI and BWI) of torrefied biomass can be
derived. Torrefied willow approaches a HGI of 40 and BWI between 13 and 24 which is
comparable to coal.
4.3. Single particle modeling
Heat transfer limitations significantly affect the torrefaction of particles larger than 1 mm. For
this range of particle sizes, coupled effects kinetics and heat transfer due to the changes in heat of
reaction and particle properties exist. Many transient 1-D and 2-D coupled heat transfer and
kinetics models have been designed for pyrolysis modeling (see (Colomba Di Blasi 1998;
Colomba Di Blasi 1996; Colomba Di Blasi 2008; H. Lu et al. 2010; Babu & Chaurasia 2003a;
Babu & Chaurasia 2004b; Jalan & Srivastava 1999; Chan et al. 1985). From a modeling
challenge perspective, there is much similarity between pyrolysis and torrefaction; however the
temperature conditions (and resulting kinetics) are very different. Therefore, a single particle
torrefaction model requires torrefaction-specific kinetics.
(Turner et al. 2010) developed a 2-D computational heat and mass transfer model for a
torrefaction of beech wood and compared predicted temperature profiles to experimental results
using large (5 x 15 X 25) cm beech boards. However, pyrolysis kinetics were applied instead of
torrefaction specific kinetics. Their mechanism assumed decomposition as a linear superposition
of hemicelluloses, cellulose, and lignin components. They cited their own publication as
justification for this kinetic model (Rousset et al. 2006). Results presented by Dupont indicate
that a linear superposition model fails to accurately represent mass loss during torrefaction
(Dupont et al. 2010). Moreover, Turner and coworkers note that the reaction enthalpy term has a
large effect on the temperature evolution but admit that it "remain[s] poorly-known". As a result,
they were required to use reaction enthalpy as a fitting parameter.
Kadem and coworkers developed a 3-D computational model of heat treatment (150-
250 'C) of wood, but neglected kinetics altogether and instead focused on heat and moisture
transfer (drying) (Kadem et al. 2011).
4.3.1. Mathematical model
Biomass particles undergoing torrefaction experience mass and heat transport as well as
chemical devolatilization. An analysis similar to (Chan et al. 1985) summarizes the physical and
chemical processes and characteristic times scales shown in Table 4-12. Table 4-12 also
provides justification for the approximations and assumptions made in this model. The time
scales do not represent the magnitude of the driving forces behind such processes (i.e
temperature gradients) but allow identification of rate controlling mechanisms. Values for
temperature dependent physical wood and gas properties - including conductivity (k), specific
heat (cp), and density (p) - were taken from (Babu & Chaurasia 2004b). Values for
diffusivity (D), permeability (BO), and gas viscosity (p) were taken from (H. Lu et al. 2010).
The kinetic rates assumed willow using values from Table 3-4 (M. J. Prins 2005). The length
scales described in Table 4-12 include micro scale, which corresponds to the pore diameters, and
macro scale- reflecting the maximum size of feed particles.
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Table 4-12 Physical and chemical processes occuring during torrefaction and their characteristic time scales
Characteristic time (s)
T= 300 'C
Transport process or reaction Microscale
10 I=
Macroscale
1 cm
Diffusion, R2 /Deff 10-1 10
Intraparticle fluid flow, yR2 /pBO 10-1 10-1
Convective/Radiative Heat Transfer, (pcp)sR/h 10-1 101
Conduction Heat Transfer, (pcp)sR 2/k 10-4 102
Torrefaction, 1/K 1  102 102
eff s105 M2 s-I -14 M2
(pcp) ~ 106 J m' K-' h ~ 10 W m2 K1
(PCP) 104 J mK- k -10' W m K'
y :10~5 Pa s K1 ;239 s'
p ' 105 Pa
The major mass transport processes include molecular diffusion and intraparticle pressure-driven
flow. Heat transfer processes include convection, radiation, and conduction heat transfer and
conduction heat transfer. Chemical devolatilization is dependent on torrefaction kinetics which
have Arrhenius rate temperature dependence. An illustration of the physical and chemical
processes and their time constants is shown in Figure 4-19.
Reactions
Slow Process [10 1-103s]
Diffusion Pressure-driven flow
Fast Process [10-1-101s] Fast Process [10-1 s]
Figure 4-19 Macroscale transport processes and their characteristic time scales
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Several important observations can be drawn from Table 4-12. Mass transfer, especially
pressure-driven transfer, occurs at time scales much faster than either heat transfer or reactions.
At the micro scale of the wood pores (tracheids), convective heat transfer is rapid compared to
kinetics and the heat capacity of gas is low compared to the heat capacity of the solid. As a result
gas leaving the particle rapidly heats up to the temperature of the wood/char it flows through 19 .
At the scale of particles approximately 1 cm, kinetics, external heat transfer
(convection), and conduction have time constants of similar order of magnitude. Therefore no
rate-limiting simplifications can be me made and the model must include these mechanisms.
A summary of the conclusions derived from the Table 4-12:
(1) Mass transport processes occur much faster than heat transport and chemical
devolitilization processes.
(2) Mass transfer via diffusion is much slower than that by hydrodynamic (pressure driven)
flow from active devolatilization.
(3) Thermal heat capacity of the gas (pc,) is much less than that of the solid (pc,) . As a
result local thermal equilibrium exists between volatiles and solid. Also as a result,
internal convective heat transfer is negligible.
The formulation of the numerical model is based on the following assumptions:
(1) Particles are represented in a one-dimensional, time-dependent domain.
(2) Total volume, void fraction, and aspect ratio of particles remains unchanged during
torrefaction. In other words, no structural changes (i.e shrinkage, breakage) occurs.
(3) Negligible initial' moisture content. Drying is assumed to occur in its own step prior to
torrefaction.
19 In the case where large intraparticle temperature gradients are present (conduction limited), the volatiles
cool the outer reaction front as they leave- thereby slowing down conduction of heat from outside to inside. This
can occur under regular pyrolysis conditions (Chan et al. 1985). However, in the case of torrefaction, internal
particle gradients are only very large for particles greater than 10-20 cm thus this volatile convective cooling effect
can be ignored. Additionally, due to the low heat capacity of flowing volatiles, this term is expected to have
negligible effect.
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(4) Volatile transport from the particle interior to exterior occurs instantaneously. Therefore
particle remains at pressure equilibrium with the reactor.
(5) Enthalpy and heat capacity contribution of gases initially present in biomass pores is
negligible
(6) Specific heat and density of volatiles can be estimated by mass averaged specific heat
density of its components. Density of volatile components estimated through the ideal gas
law.
The chemistry sub-model includes one of two kinetic mechanisms:
(1) Pyrolysis kinetic mechanism and heat of reaction described in Appendix section A.3
(2) Torrefaction kinetic mechanism from (M. J. Prins 2005). Torrefaction thermochemical
model described in section 4.1.7.
The physical processes described by the heat transfer model include:
(1) Radiative and convective heat transfer from the exposed surfaces of the solid
(2) Conduction heat transfer within the particle. Convective cooling effect of volatiles
leaving the particle is ignored.
(3) Physical transport properties (thermal conductivity, density, and specific heat) vary with
solid composition.
(4) Particle shape is represented by a shape parameter n. Where n=l represents a slab
geometry, n=2 cylindrical geometry, and n=3 represents a spherical geometry.
The physical property assumptions (and associated sources) for the single particle torrefaction
model are summarized in Table 4-13.
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Table 4-13 Thermophysical property assumptions for single particle torrefaction model
Property
Initial wood density
Wood specific heat capacity
Torrefied wood specific heat capacity
Char specific heat capacity
Vi specific heat capacity
V2 specific heat capacity
Tar specific heat capacity
Volatile specific heat capacity
Wood thermal conductivity
Torrefied wood thermal conductivity
Char thermal conductivity
Effective thermal conductivity
Gas thermal conductivity
Emissivity coefficient
Particle voidfraction (porosity)
Pore diameter
Stefan-Boltzmann constant
The mass/species conservation equations describing the torrefaction kinetics are A. 1-1
through A. 1-6. The mass/species conservation equations describing the pyrolysis kinetics are
A.3-1 through A.3-4.
The conservation of carbon, hydrogen, and oxygen species in the solid product is
dependent on the composition of volatiles released. For torrefaction, since the composition of
volatiles produced during is known (see section 4.1.4), it is possible to write the conservation
equations for the solid product. These equations are summarized in 4-9 through 4-11. By
tracking the ultimate analysis of the solid product throughout the simulation, the increase in
heating value (in J kg-') as a function of time can be determined. For pyrolysis however, the
kinetic mechanism described in Appendix section A.3, lacks sufficient chemical detail to
describe the C,H,0 content of volatiles produced. As a result, the equations describing the
composition of the solid product are not possible to write.
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Correlation/Value
PA = 650 kg m-3
cpA = 2300j kg 1 K-1
cpB = 1700Jkg - 1K-1
cpc = 1100J kg - 1K- 1
cpv1 = 1620J kg- K-1
cpv = 17941 kg- 1K-1
cpT = 1800J kg 'K-1
cpG= 1800J kg K-1
kA = 0.13 + 0.0003 * (T - 273) W m-1 K-1
kB =(kA +kc)/2 W m-1 K-1
kC = 0.08 - 0.0001 * (T - 273) W m-1 K1
kejj (mAkA + mBkB + mckc)/mA,o + E" kgas
+ 13.5 -T3/e Wm-1 K-1
kgas = 25.77 * 10-3 W m-1 K 1
E = 0.95
e" =0.5
d = 2 * 10-s m
a= 5.67 * 10-8 Wm-z K -
Source
(Babu & Chaurasia 2004b)
(Colomba Di Blasi 1998)
(Estimated)
(Colomba Di Blasi 1998)
(Table 4-8)
(Table 4-8)
(Colomba Di Blasi 1998)
(Colomba Di Blasi 1998)
(Koufopanos et al. 1991)
(Estimated)
(Koufopanos et al. 1991)
(Chan et al. 1985)
(Colomba Di Blasi 1998)
(Babu & Chaurasia 2004b)
(Babu & Chaurasia 2004b)
(Babu & Chaurasia 2004b)
For simplicity, only the equations describing the torrefaction heat transfer model are
written and appear as 4-46 through 4-53. The pyrolysis model equations are similar but due to
the lack of information known about the composition of volatiles and tar, the carbon, hydrogen,
and oxygen content can not be tracked. The heat of reaction during pyrolysis are input for each
pyrolysis reaction (i.e raw biomass to tar) and is described by equation A.3-5.
Neglecting the diffusion and convective mass and heat transport, the enthalpy
conservation equation can be written,
aT keff n- 1 dT aT 4-46
at Pcp,eff r or ar2 r
Where q'r has units of K s' and is,
.r - (k) * PA[HB - HA] + (kv) * PA[Hv - HA] + (k 2) * PB[Hc - HB + (kV2) * PB[HV2 - HB 4-47
Peff Cp,eff
where the enthalpy, "HN" in J kg' of component with subscript "N" depends on its heat of
formation hNf and specific heat, CPN, in units of J kg- K~ and Temperature in K.
HN = hNf + CPN(T - T0 ) 4-48
The effective thermal capacity PCp,eff is time-dependent and has units of J K-1 m-
Pcp,eff = PACp,A+PBCp,B + PCCp,C + E pv1Cp,v + E" PV2Cp,V2 4-49
the particle void fraction, e', (porosity) is dimensionless,
Ei = gas NO = 0.5 4-50
the density in kg m-3 of solid component with subscript N is given by,
MN 4-51
PN= MAO
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where pAO is the initial density of the biomass in kg m-3, mAo is the initial solid mass of reacting
biomass in kg, and mNis the mass of solid component N in kg, and the density in kg m-3 of
volatile component with subscript N is given by the ideal gas law,
P * MMVN 4-52
PVN R * T
where P is pressure in Pa, T is temperature in K, R is the ideal gas constant in units of J mol' K'
MMVN is the molecular mass in mol kg'.
The effective conductivity of the solid matrix keff has units of W K- m4 and consists of
conductive and radiative term as used in (Chan et al. 1985; Colomba Di Blasi 1996; Babu &
Chaurasia 2004b),
keff (t) = (mBkA + MB kB + mc kc)/mA,O + E" kgas + 13.5 -T 3 d/E 4-53
where pore diameter, d, has units of m, the emissivity E is dimensionless, the Stefan-Boltzmann
4 2
constant, -, has units of W K- m-2
The initial conditions represent typical conditions for a particle in a fixed bed or fluidized
bed reactor. In the case of a modeling an experimental fixed bed reactor, the temperature profile
of the furnace would be monitored and controlled digitally. In the case of an industrial fixed bed,
temperature would vary lengthwise through several temperature zones. In either case, the reactor
temperature profile varies linearly from the reactor initial/inlet temperature Tro until the final or
peak reactor temperature, Tr,f is attained. Depending on whether the reactor inlet temperature is
higher or lower than the reactor outlet temperature the linear profile is represented by 4-54:
Tr(t) = Tr,O ± HR/60 * t 4-54
Where the heating rate, HR, has units of K min' the initial temperature, Tro is the reactor
initial/inlet temperature, t is the particle residence time (in seconds).
In the case of a fluidized bed- or furnace with fixed temperature- the bed temperature
profile can be assumed isothermal and uniform. The solid biomass particle is assumed to have
uniform initial temperature of Tso
The boundary conditions reflect symmetry at the particle center,
OT 4-55
t > 0,r = 0 -__ = 0
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The initial isothermal particle conditions,
t=0 T(r)=T,O 4-56
where TSo is the initial solid temperature in K, and the external heating conditions,
,OT 4 T)4-57
t > 0,r = R, -k- h(T - Tr) + Eu(T Tr
or r=R
where he is the convective heat transfer coefficient in W m-2 K1. An overall heat transfer
coefficient being the summation of the convective and radiative components can be written
(equation 4-58)
h = he + hr= hc + Ea(T - Tr)(T 2 _ Tr 2) 4-58
Typical fixed bed or furnace convective heat transfer coefficients (he) range from 8.4 W
m-2 K- (Pyle & Zaror 1984; Babu & Chaurasia 2004b) to 20 W m-2 K-I (Colomba Di Blasi
1998).
Fluidized beds make use of an inert bed material of diameter (di) which surrounds the
active particles. Several heat transfer correlations exist depending on the relationship in size
between the bed material and active particles. Convective heat transfer coefficients are often
estimated using a combination of the Ranz-Marshall correlation (equation 4-59) and correlations
developed specifically for reacting particles in fluidized beds (equations 4-60 and 4-61) (Alberto
Gomez-Barea et al. 2010).
Table 4-14 Fluidized bed heat transfer correlations (Kunii & Levenspiel 1991; J. Zhu et al. 2006)
Application Correlation
Active particles entrained by gas at or below Nus = 2 + 0.6Pri/3 Re1/ 2  4-59
terminal velocity (Re ; Ret)
(Ranz-Marshall)
Active particles surrounded by much smaller Nui,mx = 0.85Ari 9 + 0.006Ar4o-5Pr±'_3  4-60
inert particles (d >> di) flowing at optimal
fluidization velocity. Assumed valid for
velocities higher than optimal (J. Zhu et al.
2006).
(Ari = 102 - 109)
Active particles surrounded by inert particles of Nuij = 6 + 0.117Ari0 39Pr[:fl 4-61
similar size (d ~ di)
(for Ari = 102 - 109)
where the heat transfer coefficient he can be determined from the Nusselt number, Nu which is
correlated with the Prandtl, Pr and Reynold's Re, and Archimedes' Ar, dimensionless numbers,
and the subscript "i" indicates the size included in the dimensionless numbers is that of the inert
particles.
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hd 4-62
kg
Pr = pCP9 4-63kg
Re p u d 4-64
Ret = Ar/(18 + 0.61Ar 1/2) 4-65
Ar = gd 3 pg (pP - Pg )4-66
P 2
Where he is the heat transfer coefficient in W m-2 K, d is the particle diameter in m, k
is gas conductivity in W m-I K, i is the gas viscosity in Pa s, cpgis gas specific heat capacity in
J kg~1 K-I , uOis the superficial gas velocity in m s1, pg is the gas density (in kg m3 ), and pp is
the particle density (in kg m-3). The "t" subscript denotes the Reynolds number associated with
the terminal velocity of a particle from (J. Zhu et al. 2006)
As was assumed in (Alberto Gomez-Barea et al. 2010), since raw biomass particles are
typically much larger diameter than the bed particles (0.2-1 mm for sand), the heat transfer has
been estimated as the average between the values calculated in equations 4-59 and 4-60. Figure
4-20 demonstrates the external heat transfer coefficient predicted by equations 4-59 and 4-60 as a
function of the inert particle diameter (di).
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Figure 4-20 Fluidized bed external heat transfer coefficient W m 2 K~ versus inert particle diameter mm. Coefficients predicted
by equations 4-59, 4-60, and their average value. Inert bed particles assumed to be sand with di between 0.1 to 1.2 mm pi = 2700
kg, see (Ramakers et al. 2004). Gas properties assumed to represent typical inert volatile properties at 573K (Pr= 16.9).
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The average of these two correlations results in particle heat transfer coefficients ranging
from 180-270 W m-2 K. This is consistent with recent CFD heat transfer simulations by
(Papadikis et al. 2010) which reported fluidized bed heat transfer coefficients between 150-300
W m-2 K. The dominant contribution to the average heat transfer coefficient comes from hi,max
becuase hSis only ~4 W m-2 K. Since hi,max is dependent the Ar of the inert particle (see
equation 4-60) and the Pr of the gas, it has no dependence on bed velocity (u,) or active particle
diameter (d).
Whether radiative heat transfer is included has a significant effect on the overall heat
transfer coefficient. Figure 4-21 shows the effective radiative heat transfer coefficient and
radiative heat flux (for a fully exposed particle) under furnace temperature (Tr) of 573 K.
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Figure 4-21 Effective radiative heat transfer coefficient W m-2 K-1 and radiative heat flux versus particle temperature Tr= 573 K
As the particle surface temperature approaches, Tr, the radiative heat flux (in W m-2) goes
down from 6000 to 800 as the effective radiative heat transfer coefficient hr (in W m- K-1)
increases from 20 to 40.
Although an experimental apparatus may be designed for single particles which are fully
exposed, the particles in commercial fixed bed systems will not be fully exposed during the
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entire residence time. Therefore the effect of radiation heat transfer is diminished greatly.
Therefore, when modeling a typical commercial reactor system, the radiative heat transfer term
should not be included. For fluidized bed systems the radiative terms is often small compared to
the convective term and is ignored as in (Alberto Gomez-Barea et al. 2010).
Numerical solution and simulation
The solution of the equations is performed through a finite difference formulation known as the
method of lines. The partial differential, equation 4-46, is converted into a system of ordinary
differential equations (ODE's) by discretizing the spatial temperature derivatives,
T Ti±1 - Ti- 1, 4-67
ar 2Ar
,
2T Ti+1 - 2Ti + Ti_1 4-68
arz Ar 2
where, Ar is the distance between nodes in m.
This results in a system of differential equations with time dependence. As a result for each node,
time derivative equations can be integrated, where the total number of equations is the number of
nodes times the number of time derivative equations per node. The ten time derivatives (for each
node) are summarized in Table 4-15:
Table 4-15 Unsteady conservation equations solved during DAE integration
Time derivative (conservation Quantity Conserved Equation number
equation)
a Temperature/enthalpy (in K) 4-46
tassofA_(inkg)_A.1-1
aA Mass of A (in kg) A.1-1t
a Mass of B (in kg) A.1-2
at
av Mass of C (in kg) A.1-3
av2 Mass of V1 (in kg) A.1-4
aV2 Mass ofVlI (in kg) A. 1-5
at
as*Hy Carbon content of solid (in kg/kg) 4-9
at
asH Hydrogen content of solid (in kg/kg) 4-10
at
as%0  Oxygen content of solid (in kg/kg) 4-11
Qr Heat of reactions (in J) 4-47
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This system of differential equations can be integrated via stiff, implicit solvers. MATLAB's
"ode15s" was used.
5. Results and Discussion
The results section is divided into two sections: Section 1115.1 relates to single particle pyrolysis
modeling and Section 5.2 includes all torrefaction thermochemical modeling, comminution
energy, and single particle modeling results.
The purpose of section 1115.1 is to validate the underlying single particle model (shared
by both the torrefaction and pyrolysis models). Ideally, the single particle torrefaction model
results could be compared directly to torrefaction experimental measurements. However, at the
time of publication, no single particle heat transfer studies were available under torrefaction
conditions. Therefore, the results from the single particle pyrolysis model are compared to
experimental results from (Pyle & Zaror 1984) as well as to existing 1-D unsteady single
particle pyrolysis models from (Babu & Chaurasia 2003a; Jalan & Srivastava 1999) for
validation. This verification provides confidence in the numerical validity of the underlying heat
transfer and physical property model
5.1. Single Particle Pyrolysis Model Results
The single particle pyrolysis model results address two areas:
a) Validation and comparison of the single particle pyrolysis model to experimental from
(Pyle & Zaror 1984) and modeling data from (Babu & Chaurasia 2003a; Jalan &
Srivastava 1999)
b) Sensitivity analysis of the single particle model to kinetic parameters and heat of
pyrolysis.
The assumptions for the pyrolysis runs are summarized in Table 5-1.
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Table 5-1 Base thermophysical assumptions for single particle pyrolysis model
Property
Initial wood density
Char density
Wood specific heat capacity
Char specific heat capacity
Tar specific heat capacity
Volatile specific heat capacity
Wood thermal conductivity
Char thermal conductivity
Gas thermal conductivity
Effective thermal conductivity
Molecular mass of tar
Molecular mass ofgas
Emissivity coefficient
Particle voidftaction (porosity)
Pore diameter
Stefan-Boltzmann constant
Primary pyrolysis heat of reaction,
Pyrolysis kinetic rate parameters
A h1,Ah 2, Ah3 = 155000J kg 1
Kr, KG, Kc (see Appendix A.3)
Source
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(H. Lu et al. 20 10)
(H. Lu et al. 20 10)
(Pyle & Zaror 1984)
(Pyle & Zaror 1984)
(Colomba Di Blasi 1998)
(Chan et al. 1985)
Correlation/Value
PA = 500 - 550 kg m-3
pc = 300 - 350 kg m-3
cpA = 1670 j kg'K 1
cpc = 1000 j kg'K-1
cpr = -100 + 4.4 * (T) - 0.00157T2 J kg-'K'
cpG 770 + 0.629(T) -0.000191 - T 2 * 2 -1K-1
kA = 0. 1 2 56 W m- K-1
kc = 0.0837 W m 1 K -1
kgas = 25.77 * 10-3 W m-1 K-
keff (mA/mAo kA + (1 - mA/mAo) kc) + E" kgas
+ 13.5 -T 3 /E Wm-1 K-1
MMr = 145 g mol-1
MMgas = 145 g mol-1
E = 0.95
E 0.5
d = 2 * 10-s m
o = 5.67 * 10-3 W m-2 K- 4
Two types of temperature profiles are commonly used to validate single particle pyrolysis
models. These are the temperature profile (at a specific radial distance) as a function of time and
the spatial/radial temperature profile (at a specific time).
In Figure 5-1 Figure 5-2 and Figure 5-3 the centerline temperature profile of a single
cylindrical biomass particle is compared against the experimentally measured results from (Pyle
& Zaror 1984) and the model results from (Babu & Chaurasia 2003a; Jalan & Srivastava 1999).
Pyle and Zaror measured the internal temperature profile and mass loss profile of pine cylinders
of diameter 0.3, 1.5, 2.2 cm with lengths between 6-9 cm using thermocouples embedded at
different depths in the cylindrical sample. Experiments had furnace temperatures between 623-
780K and an inert atmosphere was maintained by flowing N2 through the reactor. They directly
measured the bulk density of the virgin wood and char. The virgin pine wood density varied
3 e3between 450-5 50 kg m3 while the measured char density varied between 250-3 50 kg m
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(H. Lu et al. 2010)
(H. Lu et al. 2010)
(Babu & Chaurasia 2004b)
(Babu & Chaurasia 2004b)
(Babu & Chaurasia 2004b)
(Grenli & Melaaen 2000)
(Chan et al. 1985)
Several published single particle pyrolysis models have used this experimental data set
for validation and comparison including (Miller & Bellan 1996; Jalan & Srivastava 1999; Babu
& Chaurasia 2003a).
(Babu & Chaurasia 2003a; Jalan & Srivastava 1999) were chosen for comparison because
they use similar assumptions of fixed volume, variable physical properties, 1 -D geometry, and
they neglected internal convective transport and because both papers compared the model results
to (Pyle & Zaror 1984).
In the present model a high estimate was produced by assuming a density estimate
pA = 500 and pc = 300 kg m-3 . The low estimate was produced by holding all other
assumptions constant but inputting a higher density of pA = 550 and pc = 350 kg m~3 . A
higher density results in lower thermal diffusivity and therefore slower rate of heat transfer
within the particle. Providing a high and low estimates from the model serves two purposes. In
addition to being representative of the experimental variability in density reported by Pyle and
Zaror, it elucidates the sensitivity of the model to input variables.
650 - Pyle and Zaror, 1984
-600 - Present model high estimate
Present model low estimate
550 --- Babu and Chaurasia 2003(40
c-
S500 - -- Jalan Srivastava, 1999
E
450
*" 400
U 350 -
300 4
0 20 40 60 80 100 120 140
Time (sec)
Figure 5-1 Present pyrolysis model predictions compared to experimental results from (Pyle & Zaror 1984) and model results
from (Babu & Chaurasia 2003a; Jalan & Srivastava 1999) for centerline temperature profile (in K) of a cylindrical particle.
Particle radius 0.0075 m, To=303K Tf773K, h=8.4 W m-2 K', radiation heat transfer included. High estimate assumes
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PA = 500 and p, = 300 kg m- 3. Low estimate holds all other assumptions constant but assumes a higher wood and char density of
pA = 550 and pc = 350 kg m 3.
Figure 5-1 compares the experimentally measured centerline temperature history for a
1.5cm diameter particle exposed to a 773K furnace environment against the model predictions.
Previous models significantly underestimate the centerline temperature at t=140 seconds.(Babu
& Chaurasia 2003a) predicts a centerline temperature 32K lower than the experimental result
while the prediction by (Jalan & Srivastava 1999) is 45 K low.
Throughout the time period, the experimental results fall within a ±8.5 K of an envelope
created by the high or low estimates from the present model. The experimental temperature at
t=140 seconds is almost exactly halfway in between the high and low estimates generated by the
present model.
Figure 5-2 represents the centerline temperature history for a 0.6 cm diameter particle
exposed undergoing pyrolysis in a 643K furnace environment.
650 ~ Pyle and Zaror, 1984
-- Present model upper estimate
600 - Present model lower estimate
.- Babu and Chaurasia 2003
550 - Jalan Srivastava, 1999
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Time (sec)
Figure 5-2 Present pyrolysis model predictions compared to experimental results from (Pyle & Zaror 1984) and model results
from (Babu & Chaurasia 2003a) and (Jalan & Srivastava 1999) for centerline temperature profile (in K) of a cylindrical particle
undergoing pyrolysis. Particle radius 0.0075 m, To=303K Tf=660 K. High estimate assumes PA = 500 and pc = 300 kg m-3. Low
estimate holds all other assumptions constant but assumes a higher wood and char density of PA = 550 and pc = 350 kg m-3 .
All models are within 5 K of the experimentally measured final centerline temperature
for times less than 60 seconds. From 90 seconds onward the model predictions from (Jalan &
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Srivastava 1999) underestimate the experimental results by 8 to 33 K. The predictions from
(Babu & Chaurasia 2003a) appear to in good agreement until 250 seconds where the prediction
is 24 K lower than the experimental result.
There is very strong agreement between the present model and the experimental results.
All experimental results fall within 2 degrees of the envelope generated by the high and low
estimates of the present model.
Figure 5-3 represents the centerline temperature history for a 0.6cm diameter particle
undergoing pyrolysis in a 780 K furnace environment.
900 0 Pyle and Zaror, 1984
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Figure 5-3 Present pyrolysis model predictions compared to experimental results from (Pyle & Zaror 1984) and model results
from (Babu & Chaurasia 2003a) and (Jalan & Srivastava 1999) for centerline temperature profile (in K) of a cylindrical particle
undergoing pyrolysis. Particle radius 0.003 m, To=303K Tf=780 K. High estimate assumes pA = 500 and pc = 300 kg m-3. Low
estimate holds all other assumptions constant but assumes a higher wood and char density of PA = 550 and p, = 350 kg m-
Previous models appear to significantly underestimate the experimentally measured
centerline temperature at from 60 seconds onwards. Beyond this point, predictions from (Jalan &
Srivastava 1999) underestimate the centerline temperature by 47-65 degrees while (Babu &
Chaurasia 2003a) predictions have an error between 30-50 degrees.
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The estimates from the present models show strong agreement with the experimental
data. Except for the data point at 50 seconds, all the experimental fall within a 13 K envelope
created by the low and high estimate from present model. The high and low estimates appear to
converge from 80 seconds onwards and both predict the final centerline temperature to within 6
K.
The spatial temperature profile at t = 2 minutes for a 1.1 cm radius particle subjected to
pyrolysis at 643K is shown in Figure 5-4.
600 -
0 Pyle and Zaror, 1984
- Present Model high estimate
550 - Present model low estimate
o -..--. Babu and Chaurasia 2003
*- - Jalan Srivastava, 1999
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Normalized Radius
Figure 5-4 Present pyrolysis model predictions compared to experimental results from (Pyle & Zaror 1984) and model results
from (Babu & Chaurasia 2003a) and (Jalan & Srivastava 1999) for spatial temperature profile (in K) at t= 2 minutes. Particle
radius 0.01 lm, To=303K T =643K. Experimental data shown with ±18K error bounds.
All models (including the present model) appear to underestimate the centerline
temperature. The prior model predictions by (Jalan & Srivastava 1999) and (Babu & Chaurasia
2003a) underestimate the outer particle temperature at rnoo0 =0.9 by between by 25 and 45 K
respectively.
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The closest prediction for centerline temperature (rnorm=O) is the high estimate of the
present model which is low by 22 K. Beyond (rno0r=O) the experimental data are within 13K of
the high or low estimates from the present model. The outer particle temperature rno.m=0. 9 is
predicted within 2K by the high estimate of the present model.
The spatial temperature profile at t = 11 minutes for a 1.1 cm radius particle at the same
furnace temperature of 643K is shown in Figure 5-5.
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Figure 5-5 Present pyrolysis model predictions compared to experimental results from (Pyle & Zaror 1984) and model results
from (Babu & Chaurasia 2003a) and (Jalan & Srivastava 1999) for spatial temperature profile (in K) at t- 11 minutes. Particle
radius 0.01 lm, TO=303K Tf=643K.
These results are even more compelling in demonstrating the accuracy of the present
model. The previous models underestimate the particle temperature by 11 to 30K and show the
presence of some particle gradients. Both the high and low estimates from the present model
matche the experimentally measured result that the particle has come to thermal equilibrium with
the reactor at 643K.
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There are several explanations for why the present model more accurately represents the
experimental data. First, the kinetic mechanism used by in (Babu & Chaurasia 2003a; Jalan &
Srivastava 1999) differs from the present model. They both use a kinetic mechanism proposed in
an early single particle pyrolysis study (Koufopanos et al. 1991). In contrast to the kinetic
mechanism used in the current model, it lumps tars and volatiles together and assumes
endothermic heat of reactions of 255 kJ/kg for reactions 1 and 2 as shown in Figure 5-6. This
heat of reaction term was originally used as a fitting parameter by (Koufopanos et al. 1991) and
is higher than the primary pyrolysis heat of reaction assumed in the present model (155 kj/kg).
The model proposed in (Pyle & Zaror 1984) to fit their own experimental data concluded that a
neutral (0 kg/kg) pyrolysis heat of reaction resulted in the most accurate model predictions. This
assumption of a higher pyrolysis heat of reaction by (Babu & Chaurasia 2003a; Jalan &
Srivastava 1999) partly explains why their results underestimate the particle temperature: the
greater the degree of endothermicity, the more heat is required, and the lower the particle
temperature.
Virgin Biomass (n, order decay)
B
1 reaction 2 reaction
3 reaction
(Volatile + Gases), + (Char) -'-m(Volatile+Gases) 2 +(Char) 2(n2 Order decay) (n3 Order Aecay)
Figure 5-6 Pyrolysis kinetic mechanism assumed in (Babu & Chaurasia 2003a; Jalan & Srivastava 1999)
Another differentiating aspect of this kinetic mechanism is that the orders of reactions 1,
2, and 3 seem to have been chosen arbitrarily by (Jalan & Srivastava 1999; Babu & Chaurasia
2003a) . (Koufopanos et al. 1991), which originally proposed and fitted the kinetic parameters,
found that the reaction order n, = 1 resulted in the best fit to experimental results; however, they
did not specify the reaction orders for n2 and n3. On the other hand (Jalan & Srivastava 1999;
Babu & Chaurasia 2003a) both assumed a reaction 1 order of n1=0 and n2 and n3= 1.5 for their
single particle models. No theoretical justification is provided for why the first reaction should
be modeled by a zero order kinetic rate (which would go against the findings of the researchers
who originally proposed this kinetic mechanism (Koufopanos et al. 1991).
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An equally important difference is related to the assumptions of physical properties.
(Jalan & Srivastava 1999; Babu & Chaurasia 2003a) did not directly measure the properties but
took them from correlations used in (Koufopanos et al. 1991). These critical assumptions of
wood and char density, specific heat, and conductivity result in an estimated thermal diffusivity
which is very different from those given by (Pyle & Zaror 1984). The estimates of thermal
diffusivity for wood and char made by (Pyle & Zaror 1984) and (Koufopanos et al. 1991) are
compared in Figure 5-7. The assumption of thermal diffusivity from (Pyle & Zaror 1984) is
constant with temperature, while in the case of (Koufopanos et al. 1991), wood and char thermal
diffusivity are estimated as declining with temperature. There exists an order of magnitude
difference in the estimated thermal diffusivity for char at 500 'C (2.8* 10-7 versus 0.23*10-7 m-
s 2). (Pyle & Zaror 1984) estimates that char has a thermal diffusivity higher than raw wood while
(Koufopanos et al. 1991) estimates that char always has a thermal diffusivity lower than virgin
wood.
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Pyle and Zaror, 1984
------- Koufopanos et al. 1991
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Figure 5-7 Comparison of assumed wood (left) and char (right) thermal diffusivity for (Pyle & Zaror 1984) compared to those
assumed in (Babu & Chaurasia 2003a; Jalan & Srivastava 1999; Koufopanos et al. 1991).
These differences in assumptions explain why the model results from (Jalan & Srivastava
1999; Babu & Chaurasia 2003a) significantly underestimate the centerline temperatures for long
reaction times and high temperatures. As particle temperature and reaction time increases, the
remaining solid product is made of an increasing fraction of char- modeled as having very low
thermal diffusivity - which insulates the particle to the further heat flow.
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Sensitivity analysis of kinetic rate parameters
Additional sensitivity analyses can be made on relevant process parameters including the
choice of kinetic parameters and heat of reaction. For these analyses, consider the case of
fluidized bed pyrolysis (T=500 C) he= 200 W m2 K' of a 1 mm radius particle using the same
nominal physical parameter assumptions listed in Table 5-1. These input/reactor assumptions
are similar to the model assumptions used in (Papadikis et al. 2010) to model fluidized bed fast
pyrolysis of biomass; however they assumed 0.25 mm radius particles.
Figure 5-8 demonstrates the sensitivity of the centerline temperature profile prediction
to the assumed kinetic rates. The predicted time to reach 495 'C occurs in 6-15 seconds
depending on the kinetic parameter assumptions. The Di Blasi & Branca, 2001 and the Wagenaar
et al., 1993 kinetic parameters appear to share agreement in the predicted particle temperature
profiles. Usage of Thurner and Mann, 1981 kinetics predicts a significantly shorter approach to
reactor temperature.
500
480
LI.
E 460
0 440
- Wagenaar et al., 1993
0 420 - - Thurner and Mann, 1981
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Figure 5-8 Sensitivity of particle centerline temperature profiles to kinetic parameter assumptions
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The relative reactivity as predicted by kinetic rate parameters is demonstrated by the
predicted conversion profile of the raw biomass shown in Figure 5-9. 99% conversion of the
biomass occurs between 5 to 20 seconds depending on the assumed kinetic rate parameter. Based
on these results, the kinetic rate parameters can be ranked in the following order from most
reactive to least reactive:
Thurner and Mann> Di Blasi & Branca > Wagenaar et al. > Chan et al.
1
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Figure 5-9 Sensitivity of predicted conversion profiles to the assumed kinetic parameters
The gas, tar and char yield profile predicted by for each kinetic parameter is shown in Figure
5-10. The relative rates at which individual products approach their final value follows a similar
pattern to that shown in Figure 5-9. The predicted relative final yields of each component varies
widely depending on the assumed kinetic rates. All four sets of parameters share agreement on
the gas yields (~10-15%) however the estimated final char yield varies from 8.8-30% while the
final gas yield prediction varies from 56-77%. The predicted final pyrolysis product yields for
each kinetic parameter is summarized in Table 5-2.
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Figure 5-10 Sensitivity of predicted pyrolysis product yields (char, tar, gas) to the assumed kinetic parameters
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Table 5-2 Sensitivity of final char, tar, and gas yields to the assumed kinetic parameters
Wagenaar et al., Thumer and Chan et al., 1985 Di Blasi &
1993 Mann, 1981 Branca, 2001
Char yield (%initial) 12.5% 30% 23.3% 8.8%
Tar yield (%initial) 77% 56.3% 63.3% 76.7%
Gas yield (%initial) 10% 13.7% 13.4% 14.5%
This sensitivity analysis demonstrates that under these particle conditions (fluidized bed
pyrolysis of 1 mm radius particles), the assumed kinetic rate parameters strongly affect the
conversion, temperature, and product yields. A wide range of final yields of char and tar products
can be predicted. Therefore, the usage of a single particle model for quantitative predictions
should only be performed if confidence in the applicability of the assumed kinetic parameters
exists.
A comparison of these aformentioned kinetic rate parameters was done in (Kersten et al.
2005) and reached a similar conclusion. They advise against using these published rate
expressions for quantitative prediction of anything besides the corresponding conditions upon
which the parameters were fitted.
Sensitivity analysis of heat of pyrolysis:
The reported or assumed heat of pyrolysis varies but is generally endothermic between 150 to
418 kJ/kg (Grenli & Melaaen 2000; Koufopanos et al. 1991; Branca & Colomba Di Blasi 2003).
A recent single particle biomass combustion model (Haseli et al. 2011) incorporated heat of
pyrolysis reactions which include a combination of endothermic and exothermic reactions.
Holding all other input conditions, (while using the Di Blasi & Branca, 2001 kinetic
parameters) the heat of pyrolysis is varied between exothermic and endothermic (-418, 150, and
418 kJ/kg). Figure 5-11 demonstrates that under these conditions, the heat of pyrolysis does not
as strongly affect particle temperature profile as do the kinetic parameters or physical properties.
The time to reach 500 C occurs in 7, 10, and 12 seconds for the three assumed heats of
pyrolysis, respectively. The exothermic heat of pyrolysis demonstrates a minimal temperature
overshoot of approximately 8C. This overshoot is small due to the low resistances to heat
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transfer (i.e small particle, high external heat transfer coefficient). Additionally, the exothermic
heat release itself contributes to the particle heat up from its initial temperature 30 0C to 500 'C.
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Figure 5-11 Sensitivity of predicted particle centerline temperature to heat of pyrolysis (Heat of pyrolysis varied between -418,
150, and 418 kJ/kg). Di Blasi and Branca kinetic parameters.
The sensitivity of the heat of reaction on the conversion profile is shown in Figure 5-12.
The time to reach 99% conversion ranges between 9, 10, and 10.6 seconds for the assumed heats
of pyrolysis (-418, 150, and 418 kJ/kg) , respectively.
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Figure 5-12 Sensitivity of raw biomass conversion profiles to the assumed heat of reactions (Heat of pyrolysis varied between
-418, 150, and 418 kJ/kg)
Understanding why an exothermic heat of pyrolysis does not significantly affect
conversion profiles relates to heat transfer limitations and thermochemical dynamics: First, if
heat transfer resistances are low, any heat released or absorbed by the reactions can be
transported through the particle without limitations.
Second, as was seen in the exothermic case, if the heat release occurs slowly over a range
of temperatures its effect is mitigated. Specifically, by the time the particle approaches 500 'C
(~7 seconds) the particle conversion is almost complete (see Figure 5-12). If, on the other hand,
all the heat release occurred as the particle just approached the reactor temperature, a far greater
temperature overshoot could be observed. In other words, the significance of an exothermic heat
release depends as much on how much heat is released as when the heat is released. This
highlights the importance of robust thermochemical and kinetic modeling.
The effect of endothermic reactions is less dependent on particle heat transfer limitations
and thermochemical dynamics. Endothermicity merely adds slight delay effects to the particle
heat-up and conversion.
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Summary of single particle pyrolysis model results
Pyrolysis results from the present model show excellent agreement between with experimental
and previous model results and thus provide confidence in applying the same heat transfer
simulation framework to torrefaction.
The sensitivity analysis demonstrated the importance of accurate and appropriate physical
property and kinetics parameter assumptions. Under the case analyzed, the heat of
reaction/pyrolysis was not found to strongly affect particle temperature or conversion profiles.
5.2. Single Particle Torrefaction Model Results
In pyrolysis modeling, the goals of optimization studies include determining the
dominant process parameters which minimize time to reach full conversion or optimize yields of
desired products (i.e tar, or vapor) (Babu & Chaurasia 2004a; Babu & Chaurasia 2003b).
Complete (>95-99%) conversion of biomass to char and volatiles is the overall target.
However, torrefaction, has very different objectives from pyrolysis. Due to the slow
reactions, complete conversion of biomass to char and volatiles is unfeasible and undesirable (M.
J. Prins 2005). In general, when anhydrous mass loss is used as a measure of conversion, it
ranges between 5% and 30% (Bridgeman et al. 2010). However researchers have yet to study or
propose an optimum level of conversion within this range. Yet, there exists clear trade-off
between improved fuel properties (grindability, energy density), and mass/energy yield and
residence time; therefore a level of optimal conversion exists which satisfies these competing
effects. With models to quantify the improvements in fuel qualities (such as HHV and
grindability) as a function of conversion, the optimal conversion level can be determined. Then,
a sensitivity analysis can identify the process parameters which are the most important.
Additionally, the sensitivity of heat transfer limitations with particle size and
thermochemical phenomena will be assessed through the single particle model.
The results section can be organized into the following sections:
(1) Thermochemical model results and verification
a) Solid and volatile composition modeling results (Section 5.2.1)
b) Solid product energy yield validation (Section 5.2.2)
c) Heat of torrefaction analysis (Section 5.2.3)
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(2) Comminution energy model results and verification
a) Verification against experimentally measured grinding energy (Section 5.2.5)
b) Discussion of optimal level of torrefaction 5.2.6)
(3) Coupled heat transfer and thermochemistry single particle torrefactiop model results
a) Fixed bed particle simulations (Section 5.2.7)
b) Fluidized bed particle simulations (Section 5.2.8)
c) Particle geometry effects (Section 5.2.9)
5.2.1. Solid and volatile composition modeling results
The results of the volatile yield and solid composition model depend on the input assumptions
related to the particle temperature profile and initial ultimate analysis. The compositional
coefficients of the volatiles, are fixed. The model input assumptions for figures are which are
summarized in Table 5-3. The simulation is performed out to tf=40 minutes.
Table 5-3 Model input assumptions for volatile and solid composition model results.
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Figure 5-13 illustrates both the overall (solid mass loss) as well as the solid product composition
profiles. This composition profile is in line with the expected de-oxygenation of the solid product
which occurs due to the decarboxylation and dehydration reactions (evidenced by the high
carbon dioxide and water content present in the volatile products). Also of importance is that
relatively high carbon yield in the solid product throughout the process.
Figure 5-14 demonstrates the evolution of the nine volatiles for the conditions detailed in
Table 5-3. Initially the volatile composition is composed mostly of V1- characterized by high
water, acetic acid and carbon dioxide content). As the torrefaction proceeds, V2 is produced in
greater quantities resulting in increasing yields of lactic acid, methanol, and acetic acid.
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Figure 5-13 Torrefied solid product composition (mass fraction of C,H,O) vs time (min)
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Figure 5-14 Modeled volatile composition (% weight of initial biomass) vs time (min)
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This is also demonstrated by the time derivative of the volatile yields shown in Figure
5-15. The present results indicate a peak rate of volatile production at approximately 10 minutes
which is dominated by water, acetic acid, and carbon dioxide production. From 20 minutes
onwards, volatile yields are primarily composed of lactic acid and methanol. Representation of
volatile evolution in this way parallels those from TGA-FTIR experiments. See (Bridgeman et al.
2008)) who measured the FTIR spectra of reed canary grass at 290 C.
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Figure 5-15 Derivative of volatile yield (%weight initial min~) versus time (minutes)
Due to the lack of TGA-FTIR data for willow torrefaction, these volatile composition results
could not be directly compared with experimental results.
5.2.2. Thermochemical model energy yield validation
The energy yield (in terms of heating value) of the torrefied solid product is an important
torrefaction parameter and various published experimental results exist for a variety of
feedstocks and torrefaction conditions. The solid energy yield as a function of mass loss as
predicted by the present model is compared with the experimental results from (Bridgeman et al.
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2008; M. J. Prins 2005; Medic et al. 2012; Almeida et al. 2010) in Figure 5-16. The definition of
the solid energy yield, Ys,energy is given in equation 5-1:
Ys,energy =Es,product /Es,feed 5-1
Where, Es,final is the final heating value of the solid product in J, and Esinitial is the initial
heating value of the solid product in J. Similarly the mass yield, Ysmass is defined in equation
5-2:
Ys,mass = Ms,product /Ms,feed 5-2
Where, ms,product is the final mass of the solid product in kg, and msproduct is the initial mass
value of the solid product in kg. The increase in energy density, or heating value ratio,
HHVs,ratio , can be defined from the mass and energy yields as:
HHVs,ratio = HHVproduct /HHVIfeed = Ys,energy /ys,mass 5-3
The normalized mass of solid converted to volatiles, Y,energy is given by 5-4:
mioss = 1 - Ys,mass 5-4
The predicted solid energy yield Ys,energy versus mis 0 is shown in Figure 5-16.
The experimental conditions, feedstocks, and method for measuring energy yield by these
researchers is summarized in Table 5-4.
Table 5-4 Feedstocks, temperature ranges, and methodology for determining torrefaction energy balance from five different
publications.
Source Feedstock Temperature Method of measuring heating Energy yield
Range value uncertainty
(C) (%)
(M. J. Prins 2005) Willow 250-300 ASTM bomb calorimetry ± 3
(Almeida et al. 2010) Eucalyptus 180-300 ASTM bomb calorimetry ± 3
(Arias et al. 2008) Eucalyptus 280 Not specified
(Bergman & Kiel 2005) Willow 280 ASTM bomb calorimetry 20  ± 3
(Medic et al. 2012) Corn Stover 200-300 Ultimate analysis with correlation
20 According to (Bergman, Boersma, Kiel & Zwart 2005) the percentage uncertainty of heating value determination
via bomb calorimetry is +/- 3% for a 95% confidence error bound. This is based on a 240 J/g uncertainty for heating
value determination using bomb calorimetry.
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(Medic et al. 2012) calculated the heating value of the raw and torrefied corn stover by
measuring ultimate analysis and using a correlation to determine the HHV. Since the present
model uses the same approach to determine the product heating value, the same correlation was
applied in both cases for consistency (equation B-2 in Appendix B). (Almeida et al. 2010)
proposed a correlation for the energy yield based on his experimental results with eucalyptus
torrefaction. This correlation appears in 5-5. For all other sources the data was published in terms
of energy yield and no adjustments or calculations were required.
Ys,energy = (1 - 0.6 * mioss) 5-5
Their regression equation suggests that a 10% mass loss results in a 6% loss in energy yield.
The energy yield simulation was performed using the thermochemical model described in
section 4.1. As a result assumptions about the particle heating rate, initial temperature, final
temperature and initial ultimate analysis are required. Two simulations, one representing willow
torrefaction and one representing corn stover torrefaction were performed. The assumptions used
in these simulations are shown in Table 5-5. Ultimate analyses were converted to nitrogen free
basis before inputting into thermochemical model.
Table 5-5 Energy yield simulation assumptions. The willow and corn stover experimental torrefaction conditions and feedstock
ultimate analysis (dry ash free basis) are representative of those from (M. J. Prins 2005; Medic et al. 2012), respectively. Both
simulations run for tf= 60 minutes.
Feedstock Raw Ultimate Analysis Initial solid Final solid Heating
temperature temperature rate
Carbon Hydrogen Oxygen Nitrogen (0C) (0C) (0C/min)
(%wt daf) (%wt daf) (%wt daf) (%wt daf)
Willow 47.8 6.2 45.7 0.3 200 300 5.8
Corn Stover 44.2 5.8 49.5 0.5 200 300 8.75
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Figure 5-16 Predicted solid energy yield (-) versus mass loss (-) for model and experimentally measured by (M. J. Prins 2005;
Medic et al. 2012; Almeida et al. 2010; Bergman & Kiel 2005; Arias et al. 2008). See Table 5-5 for details on model
assumptions.
Despite the fact that Figure 5-16 includes data from varying torrefaction conditions and
feedstocks the present simulation results match the experimental data quite well. This is
especially true considering that many of the experimental data points performed with bomb
calorimetry have an uncertainty of ±3%. Additionally, since none of the experimental data were
used as inputs to develop the present model, this appears to validate the ability of the present
thermochemical model to predict the energy yield of the solid product during torrefaction.
Another way of comparing these results is by plotting HHVs,ratio versus mi0 ss which is
shown in Figure 5-17:
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Figure 5-17 Heating value ratio (-) versus normalized mass loss (-) for model predictions and experimental results by (M. J.
Prins 2005; Medic et al. 2012; Almeida et al. 2010; Bergman & Kiel 2005; Arias et al. 2008).
The willow simulation results predict a heating value ratio of 1.25 after 33% mass loss. This is
6% higher compared to the experimentally measured data point from Prins of 1.19. The corn
stover simulation results predict a heating value ratio of 1.274 after 42.6% mass loss which
compares low to the result by (Medic et al. 2012) of 1.33.
The model predicts an almost linear relationship between HHVs,ratio and mis 5 between
0 to 30% mass loss. The correlation by Almeida suggests a non linear relationship.
By applying a least squares regression fit to the present model results, the heating value
(equation 5-6) and energy yield (equation 5-7) of the solid product can be approximated from the
mass loss as shown in 5-6 and 5-7:
HHVsratio ; a * (mioss ) + 1 5-6
Ys,energy a i1 OSS (-a * mioss + a - 1) + 1 5-7
where a is the coefficient determined from the least squares regression. From Figure 5-17, a has
a value of 0.75.
Neglecting the heat of reactions the energy yield of the volatiles Y,energy can be
approximated as one minus the energy yield of the solids (see equation 5-8). As a result, the ratio
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of the heating value of the volatiles to the original solid heating value, HHVratio can be
estimated by (equation 5-9).
YV,energy - 1 - Ys,energy - mioss (a * mioss + 1 - a) 5-8
HHVvratio - a * mioss + (1 - a) 5-9
The significance of equation 5-9 is that it indicates that although heating value of the volatiles is
always less than that of the original solid, it increases linearly with mass loss.
The coefficient a in equations 5-6 through 5-9 has two interpretations. The first is that
every 1% solid mass loss will result in an (a)% increase in the energy density of the torrefied
product. The second is that the volatiles initially have a heating value which is 100 * (1 - a)%
of the initial solid. For the willow simulation results, a was found to be between . 67 to 0.76.
This implies that the volatiles initially have a heating value which is between 24-33% of the
original solid. Since the initial heating value of willow is 18.55 MJ kg ~1'it can be estimated that
the volatiles during mass loss between 0-30% have an initial heating value of between 4.6 and
6.1 MJ kg-.
This model estimate of the heating value of the volatiles is compares well with the
experimental estimates made in (van der Stelt 2011). The LHV of volatiles produced during
beech wood torrefaction was estimated/measured to be between 1-8 MJ kg-' (depending on the
method of calculation). (Neves et al. 2011) reported a LHV between 2-4 MJ kg^1 for volatiles
released at a pyrolysis temperature of 300 'C.
5.2.3. Thermochemical model heat of torrefaction results
The two steps during torrefaction are associated with distinct thermochemistry which is
discussed in the following section. After this section, the overall dynamics of heat release (based
on the integration of equation 4-41) is analyzed.
Heat of reactions of step one and two
The predicted heat of reaction for each step (based on equations 4-37 and 4-38) are shown in
Figure 5-18. Note that AHr,1 is defined per kg of A while AHr,2 is defined per kg of B.
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Figure 5-18 Heat of reaction (in J/kg) for torrefaction steps one and two versus temperature in Celsius
This illustrates that the first step in torrefaction is slightly exothermic (-116 to -215 kJ/kg) while
the second step is significantly endothermic (357 to 375 kJ/kg).
The predicted exothermicity of the first step is consistent with the experimentally
measured exothermicity of pure hemicellulose pyrolysis bewteen 200-300 'C (Yang et al. 2007).
This heat release should be expected given the composition of volatiles generated: the high
carbon dioxide and water composition of VI is evidence that the first step consists of
dehydration and decarboxylation reactions (which are exothermic).
The endothermicity of the second step is consistent with cellulose devolatilization. DSC
experiments show that pure cellulose exhibits an initially highly endothermic pyrolysis behavior,
shifting eventually to exothermic behavior (Yang et al. 2007). Recent analysis on the heat of
reactions of cellulose pyrolysis also confirmed that it consists of an initially endothermic volatile
product formation (750 kj kg -1) followed by exothermic char reactions (-1050 kj kg'1). (Cho et
al. 2010). The predicted endothermic behavior of the volatile release is sensible given the high
energy content of the V2 components (i.e methanol, acetol, etc.).
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Dynamics of heat relase during torrefaction
Figure 5-19 demonstrates the heat of reaction (qr) (in units of J per kg of initial solid mass) for
torrefaction conditions at (280,290, and 300) 'C for a period of 60 minutes with a heating rate of
10 'C/min and initial reactor/particle temperature of 200 'C. Over this period, a mass loss of
36%, 45%, and 56% of the original solid mass occurs for (280,290, and 300) 'C respectively.
0 I
e 0 500 1000 1500 2000 2500 3000 3500 -20,000 
-0 300 C
-! -40,000
02 -60,000 290 C
0.5
l: -80,000
= [100,000 - 280 C
> 0
-120,000
E
3 -140,000
-160,000 -
Time (sec)
Figure 5-19 Net heat of reaction (qr) in [J/kg initial solid] versus time [sec]. Titiai=200 'C, Heating rate= 10 'C/min.
In all three cases (280, 290, 300 0C) torrefaction, q, is net negative (exothermic) for the
entire hour. The time at which the overall reaction is the most net exothermic is between 1000-
1500 seconds (16-24 minutes). At this most exothermic point, a total of 145 kJ/kg of heat is
released by the reactions. This minimum point corresponds to end of the step one reaction (which
is the exothermic step) and the beginning of the step two reaction (which is the endothermic
step). Since the specific heat capacity of raw wood is between 1500-2300 J kg-'K1 , a heat of
reaction of -145 kJ/kg would cause a particle temperature increase of 60-95 degrees Celsius.
Given that torrefaction reactions only initiate 200'C, this heat release can be expected
significantly affect particle temperature when heat transfer limitations are present.
The torrefaction heat of reaction, qr can be plotted against the solid mass loss as shown
in Figure 5-20 This demonstrates that the most exothermic point of torrefaction occurs when
between 25-30% mass loss has occurred.
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Figure 5-20 Torrefaction heat of reaction [J/kg initial solid] versus mass loss [kg/kg]. Tinitia=200 'C, Heating rate= 10 'C/min.
Tf= 280, 290, 300 0C
This shift from exothermic reactions to endothermic reactions is best illustrated by dci
which represents the rate of heat release due to chemical reactions. Figure 5-21 shows the heat
release rate versus time and has units of W/kg.
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Figure 5-21 Rate of heat release (W/kg initial solid) vs. time (sec). Negative denotes exothermic (heat release). Positive denotes
endothermic (heat absorbed). Titia=200 'C, Heating rate= 10 'C/min. Tf= 280, 290, 300 'C.
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Model predictions versus experimental estimates of heat of torrefaction
Attempts to quantify the heat of torrefaction through standard analytical methods (calorimetry,
compositional analysis) have been inconclusive see Table 4-1. Nevertheless, the current
predictions all fall well within the large error bounds provided by these estimates.
Recent work by (van der Stelt 2011) used a fixed bed reactor setup to torrefy a single
100 cm long, 28mm diameter cylindrical beech particle. Six installed thermocouples installed at
positions enabled measurement of the particle temperature at positions between the centerline
and surface. Using an analysis of the temperature profile within the particle he estimated the
exothermic heat of reactions to release between 0-220 kJ kg -1 depending on the torrefaction
conditions. This compares extremely well with the current model predictions of 0-145 kJ/kg.
Model predictions versus hydrothermal (wet torrefaction) DSC experiments
To date, the only published differential calorimetry measurements for torrefaction are
reported in (Funke & Ziegler 2011). They measured the heat release rate for two hours during
isothermal wet poplar torrefaction at 240 'C with a 4 mg sample and 20% solids loading. It
should be noted that wet torrefaction conditions are very different than dry torrefaction because
the water and wood are kept at temperatures (200-260 C) and high pressures (33 atm for 240
C). Additionally, the reaction rates are much more rapid in the case of wet torrefaction. For
example (W. Yan et al. 2010) reports that 37% mass loss occurs during wet torrefaction at 260
0C with a 5 minute reaction time. Under kinetically controlled dry torrefaction conditions at 260
'C it takes 220-230 minutes to reach an equivalent mass loss level. Even at 300 'C dry
torrefaction requires 10 minutes to reach 37% mass loss.
Despite these differences in experimental conditions and reaction rates, similar volatile
products have been measured during wet torrefaction (see (W. Yan et al. 2010)) including water,
carbon dioxide and organic acids like acetic acid, formic acid, lactic acid. As such we might
expect similar thermochemistry and a comparison of the results differential calorimetry results
should either confirm or disprove the similarity between wet and dry torrefaction.
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The results from the current model (dry torrefaction) run under isothermal (no
temperature ramping) conditions at 300 C are compared with the measurements from (Funke &
Ziegler 2011) in Figure 5-22.
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Figure 5-22 Heat flow versus time during torrefaction. Experimental results from wet torrefaction at 240 C reported in (Funke &
Ziegler 2011) compared with current model results for isothermal dry torrefaction at 300 C.
Initially (at 5 minutes) the experiment reports a heat flow between -270 to -850 W/kg. By
60 minutes, the heat flow approaches -10 to -80 W/kg. Therefore throughout the two hours, heat
flow remains significantly negative. This implies that wet torrefaction reactions are solely
exothermic (negative heat flow). Funke and Ziegler explain this result by theorizing that wet
torrefaction consists only of dehydration and decarboxylation reactions- both of which are
exothermic (Funke & Ziegler 2011).
The current model (which represents dry torrefaction) shows a different trend. Although a
similar exothermic heat flow rate of -160 W/kg is seen at 5 minutes, the heat flow rate reverses
from exothermic to endothermic at 10 minutes. As discussed earlier, this result is in line with the
theory that dry torrefaction consists of an exothermic step 1 reaction followed by an endothermic
step 2 reaction.
The differences in the heat flow profile between the current model and those reported by
Funke and Ziegler could be explained by the difference in experimental conditions. In the case of
hydrothermal (wet) torrefaction, the combination of water, pressure, soluble minerals, and
potentially acidic pH may catalyze different reaction pathways not experienced during dry
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torrefaction. For example under such conditions lignin and cellulose decomposition reactions
may be more significant. Additionally, Funke and Ziegler tested poplar (which is a softwood)
while the current model is based on willow which is a hard wood. Lastly, they concede that the
experimental uncertainty is quite high compared to the state of the art of differential calorimetry.
Funke and Ziegler attribute their variability to the small sample size (4 mg) and to biomass
sample inhomogeneity.
5.2.4. Summary of thermochemical model and results
The presently developed thermochemical model consists of a solid and volatile composition
model coupled to a kinetic mass loss model. The modeling approach and results provide several
contributions to the field.
First, the parameterization of the volatile composition model was formulated as an
inverse problem and solved through an iterative least squares technique. This enabled a
description of the composition (in terms of actual chemical species) of what were previously
defined as pseudo components (B,C,V1, and V2). The composition analysis confirms the highly
oxygenated nature of torrefaction volatile products and the high carbon content of solid products.
The model predictions of the heating value of the solid torrefied product were validated against
experimental conditions not used to develop the model.
The dynamic thermochemical model results predicts the heat released by torrefaction
reactions is maximized for mass loss between 25-30%. This maximum occurs because the first
step of torrefaction is exothermic while the second step is endothermic. Step one is completed
quickly (within 15-25 minutes for torrefaction temperatures between 280-300 C) while step two
can take up to several hours. Therefore under commercially feasible reaction times less than 30
minutes, torrefaction is mildly net exothermic (0 to -145 kJ/kg). The term mild is used because it
is relatively small compared to the heating value of the product (18-25 MJ/kg).
However, despite its low magnitude, the heat release from the first step is expected to
cause particle temperature overshoots- depending on extent of heat transfer limitations. In order
to fully quantify the effect of this heat release, the thermochemical model must be integrated into
the detailed single particle model.
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The thermochemistry dynamics appear to highlight the difference between dry and wet
torrefaction. Wet torrefaction appears to consist of only exothermic reactions (dehydration and
decarboxylation).
The presently derived model parameters are based on experimental kinetic mass loss and
volatile composition model experiments performed on willow. A similar battery of experiments
should be performed on other feedstocks to develop additional parameters.
5.2.5. Grinding energy model validation
(Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al. 2009) published their results on
finely grinding beech and spruce wood chips. They are from the same research group and used
an identical torrefaction and grinding procedure. The procedure included performing torrefaction
on natural wood (beech) chips of unspecified size. Then they performed pre-grinding and
separated the sieved fraction of particles which were between 2-4 mm. Finally, they performed
fine grinding with an ultra-centrifugal mill to a 500 pm grid size while measuring the energy
requirement. They utilized a control batch of raw beech and spruce to compare the effects. Note
that the only time grinding energy was measured was during the fine grinding procedure. This
procedure is summarized in Figure 5-23.
+0 - Torrefaction Pre-grinding Sieving between Grinding: ultra cenifugal [ e size
-No knife mill, 8mm -~ 2 ad 4 -m mill, 0.5mm gid, * measurement
Chips grid Energy measurement
Figure 5-23 Experimental procedure to determine grinding energy by (Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al.
2009)
Recall that the present grinding energy model is based on two separate equations to
derive the grinding energy requirement for raw wood and torrefied wood. Equation 4-45
describes the grinding energy as a function of an initial feed size, final product size and
torrefaction mass loss. Equation 4-45 should only be used for mass loss levels greater than 6.4%.
Equation 2-2 from (Miao et al. 2011) describes the grinding energy of raw, dry willow as a
function of final particle sieve size assuming an initial particle size between 50-500 mm.
However (Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al. 2009) only measured the
grinding energy consumption for particles after they had been initially grinded and sieved to
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between 2-4 mm. Therefore equation 2-2 must be modified (shown in 5-10) to account for this
fact.
E- C 5-10
E'=Is d SFd
Where Eg, is the energy required to grind the raw biomass in kJ kg', and Sp is the
product sieve size in mm, SF is the feed sieve size in mm, and c and d are feedstock dependent
coefficients.
In order to accurately model the conditions tested by (Repellin, Govin, Rolland &
Guyonnet 2010a; Govin et al. 2009) the correct raw and torrefied particle size metrics must be
input to the equations. As noted previously, the particle size distributions were measured after
fine grinding and sieving through 500 ptm aperture sieve. From these particle size distributions
(which were reported as % cumulative volume fraction) it is possible to determine the 80%
passing size . Recall that Equation 4-45 depends on the 80% passing size while Equation 2-2
utilizes the sieve size.
(Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al. 2009) reported that the finely
grinded torrefied beech had an 80% passing size between 150-250 pm (Repellin, Govin, Rolland
& Guyonnet 2010a; Govin et al. 2009). Therefore for the following simulation the 80% passing
size of the product ("P" in Equation 4-45) was assumed to be 200 [tm. The 80% passing size of
the feed ("F" in Equation 4-45) was based on the reported feed sieve size of 2-4 mm. An 80%
passing size "F" of 2 mm was assumed.
(Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al. 2009) reported a sieved all
particles through a 500pm sieve after fine grinding . As a result, "Sp" in Equation 5-10 was
assumed to be 500pim (0.5mm). "SF" is 2 mm. All these input assumptions are summarized in
Table 5-6.
Table 5-6 Grinding energy simulation input assumptions
Parameter Equation Input value
Torrefied wood feed size, F 4-45 2000 pm (2 mm)
Torrefied wood product size, P 4-45 200 ym (0.2mm)
Raw wood feed sieve size, SF 5-10 2000 ym (2 mm)
Particle size at which the cumulative volume fraction of all sieved particles is 80%.
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Raw wood product sieve size, Sp 5-10 500 pm (0.5 mm)
The results from the grinding energy simulation are compared with experimental results
from (Repellin, Govin, Rolland & Guyonnet 2010a; Govin et al. 2009) in Figure 5-24.
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Figure 5-24 Grinding energy model compared to torrefied beech grinding experimental results from (Govin et al. 2009; Repellin,
Govin, Rolland & Guyonnet 2010a). Present model assumed final 80% passing size of 200 pm.
The first point to compare is that of the raw wood grinding energy. Of note is the fact that
the grinding energy prediction for the raw wood from equation 5-11 is 1125 kWh/ton which is
higher than both experimentally measured values.
The present model slightly underestimates the torrefied wood grinding energy
requirement when compared to the experimental results of (Repellin, Govin, Rolland &
Guyonnet 2010a). For example while (Repellin, Govin, Rolland & Guyonnet 2010a) measured a
grinding energy requirement of 130-140 kWh/ton for torrefied beech, which has experienced
15% mass loss, while the present model predicts 31 kWh/ton for willow. This is very close to the
value reported by (Govin et al. 2009) of 39 kWh/t.
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The present model suggests a greater reduction in grinding energy caused by
torrefaction. For example, at 25% mass loss the grinding energy for torrefied wood is 12kWh/ton
which is only 1% of the raw grinding energy (1125 kWh/ton). The results from (Repellin, Govin,
Rolland & Guyonnet 2010a) and (Govin et al. 2009) suggest that a 25% mass loss reduces
grinding energy by 90%.
In either case, the present model describes a trend which is qualitatively similar to either
of the experimental results. Higher levels of mass loss (beyond 10-15%) yield diminishing
benefits to grinding energy. Based only upon their grinding results, (Govin et al. 2009)
concluded that a -10% mass loss is the optimal torrefaction level while (Repellin, Govin,
Rolland & Guyonnet 2010a) concluded that 8% was sufficient.
Several facts can be drawn from these comparisons. The first is that the measured
grinding energies can vary widely between results published by the exact same research group
using an identical procedure and feedstock. Despite this, the present model describes the
grinding energy requirement reduction caused by torrefaction and enables the calculating the
optimal mass loss level (as will be described in the following section 5.2.6).
5.2.6. Optimal conversion level
The thermochemical model has been shown to adequately predict the energy balance for
experimental results not used to develop it. Additionally, the grindability model was able to
represent the trends from experimental data not used as inputs. Combining these two models
enables the prediction of an optimal level of torrefaction conversion (defined by mass loss).
First, the control volume boundaries of the problem must be defined. The control volume
includes the first three steps of the BTL pathway (initial size reduction, torrefaction, and final
size reduction) as shown in Figure 4-12. For simplicity, the process efficiency does not include
the energy inputs for the pelletization, transportation, handling and pressurization steps. These
inputs are significantly reduced by torrefaction. In the case of pelletization, few published
models exist which quantify the effect of torrefaction on pelletization energy and pellet quality.
Energy inputs for transportation, handling and feeding steps, are more strongly tied to the
assumption of distance and method rather than torrefaction conversion level. As a result
inclusion of these inputs is not expected to alter the optimal point.
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The model inputs of interest relate to the particle radius before torrefaction rpfeed and the
particle radius after final size reduction, rp,product . In the following model results rp,feed
represents cylindrical willow wood chips with radius 2 cm with an aspect ratio of 5
Although a particle of 2 cm radius would in practice experience heat transfer limitations
during torrefaction, for the purposes of determining the optimal level of mass loss these effects
are neglected. The particle is modeled with an initial temperature of 105 C uniformly ramping to
290'C at a rate of 2 K/min. The effects of feed particle size and geometry on heat transfer and
conversion are analyzed in later sections 5.2.7 through 0.
rp,product is varied between 0.1 mm to 5 mm. This is representative of the fact that
entrained flow gasification requires mean particle lengths smaller than 1 mm, preferably 0.1 mm.
Pelletisation mills require particles of 3 mm sieve size (corresponding to mean particle length of
1-2 mm for willow). These assumptions of particle feed and product size are summarized in
Table 5-7.
Table 5-7 Feed and product size assumptions
Parameter Applicable Equation Value(s) assumed
Torrefied wood feed size, F 4-45 2 cm
(80% passing size during torrefaction and prior to fine grinding)
Torrefied wood product size, P 4-45 100-5000 jim (0.1-5mm)
(80% passing size after torrefaction and fine grinding)
The model output of interest is the overall thermal process efficiency, 7 process . It is
unitless and defined by the energy output yield divided by the energy inputs as shown in
equation 5-12,
HHVutput 5-127 lprocess = s,mass (Eg, + Egt + H ±HVinpt + Qnet)
Where HHVinput and HHVoutput are the higher heating value of the input and output
(respectively) solid product in J kg-1, Qnet (defined in equation 2-1) is the net sensible heating
requirement (in J kg -) for the reactor (defined in equation A.4-1), Egr is the grinding energy
required to grind the raw wood before torrefaction in J kg-' (see equation 2-2) , and Eg,t (is the
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grinding energy to pulverize the torrefied wood before gasification in in J kg-' (see equation
4-45), and Ysmass is the solid mass yield of the process in kg kg-.
Note that grinding energies are electrical inputs (while all other terms are thermal), so
they must be multilplied by an availability factor which is (assumed to be 3). This conservatively
assumes a torrefaction system where the heating value contained in the volatiles is not
recuperated (i.e through combustion). It also assumes that the sensible heating requirement is not
recuperated.
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Figure 5-25 plots process efficiency versus mass loss and rp,product. Multiple important trends exist
in the plot. The first is the existence of an optimal mass loss level. To the left of the optimum,
excessive grinding energy to reach rp,product drives efficiency down. For mass loss less than 0.05
(kg/kg) the product is essentially still raw and therefore grinding energy remains extremely high.
To the right of the optimum, low solid energy yield results in lower efficiency. Under these
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assumptions, the optimal mass loss is between 7-13% with resulting process efficiency between
88-94% depending on the final particle size.
Another trend is that efficiency is lowered as the final particle size is reduced. This is
intuitive because smaller particles require greater grinding energy, thus overall efficiency is
reduced. Also as final particle size becomes smaller, a slightly higher mass loss level becomes
optimal.
5.2.7. Simulation of fixed bed system
By combining the kinetics and thermochemical model with the single particle model it is
possible to model various torrefaction reactor conditions. The two main types of torrefaction
reactors are fixed bed (also called moving bed) reactors and fluidized bed reactors. Before
discussing the details of these reactors it is important to clarify the model input and output
parameters of interest. Combining all three presently developed models (thermochemical,
grinding energy, and single particle/heat transfer) enables simulation of realistic reactor and
process conditions.
The independent model parameters are summarized in Table 5-8.
Table 5-8 Independent parameters for single particle model
Quantity Description Units
rp,feed Particle radius after initial size reduction m
rpproduct Particle radius after final size reduction m
HR Reactor heating rate Ks-1
Ts'o Initial solid temperature K
Tr,0  Initial (inlet) reactor temperature K
Trf Final (outlet) reactor temperature K
hc External convective heat transfer coefficient W m-2 K-1
n Particle shape factor unitless)
The present model enables prediction of the residence time rx (in seconds) required to
reach a specified level of conversion, X, defined by the desired solid mass yield. The sensitivity
of rx to particle size, geometry, reactor heating rate, and external heat transfer coefficient can be
analyzed.
Additionally, the uniformity of the torrefaction process must be considered. Two types
of uniformity must be defined. The first is intraparticle uniformity. A particle size which
experiences severe mass loss on an outside layer but remains raw on the inside is of unacceptable
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quality. Given that torrefction generally results in mass losses between 10-30% an intraparticle
conversion gradient greater than 10% can be considered significant.
The second is interparticle uniformity. Torrefaction is always carried out on particles of a
certain particle distribution. Commercial grinding or chipping processes do not result in particles
of a single size (i.e 2 cm radius cylinders). Therefore some particles may smaller (or of different
geometry) than others. Determining the process conditions which are less sensitive to these size
and geometry effects will result in greater interparticle uniformity.
Fixed bed reactors are characterized by a low external heat transfer coefficient (~10 W
m2 K-1 and potentially have a variable reactor temperature (along length). The reactor inlet
(initial) temperature, final (outlet), as well as heating rate are (in some designs) controlled.
Given wood chip sized particles (0.1-2 cm radius), the Bi number will be between 0.2 and
1. When the Bi is significantly less than 1, the process is expected to be limited by a combination
of external heat transfer and kinetics.
Figure 5-26 plots the centerline and surface temperature profiles for various particle sizes
between 0.1cm and 2cm radii. Of note is the presence of exothermic reactions which cause the
particle temperatures to exceed the reactor temperature. In the case of the 1 cm particle a
maximum centerline temperature of 320 'C is reached. The existence of an exothermic particle
temperature overshoot during torrefaction has been observed in several experimental results as
well (Dhungana 2011; van der Stelt 2011).
Surface temperatures profiles vary with particle size, which is evidence of external heat
transfer limitations. As the Biot number approaches unity, the intraparticle thermal gradients do
become significant (especially for the 2 cm radii particle). However in the case of the 2 cm
particle the temperature is low, a significant intraparticle conversion gradient is not present. In
the case of the 0.1 cm radius particle, the process is almost completely kinetically controlled. A
temperature overshoot of 8 'C is still present.
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The sensitivity of the torrefaction process to initial particle size is demonstrated by Figure
5-27. This demonstrates that the large variability in temperature histories of the particles results
in significant inter-particle conversion differences.
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These results indicate that under these fixed bed conditions the conversion time is sensitive to
particle size for particles significantly greater than 0.1 cm. Intraparticle gradients are not
significant under these conditions.
From a process control perspective, several options exist to reduce this sensitivity to
particle size:
1. Lowering the torrefaction temperature: This results in slows both the heat transfer and
chemical reactions, lengthening the residence time but enabling kinetic control for larger
particles.
2. Reducing the heating rate: A slower heating rate enables large particles to fully equilibrate
with the reactor temperature, reducing interparticle non-uniformity. This also comes at the cost
of longer residence time.
The effect of heating rate and particle size on the time required to reach a prescribed level
of particle conversion on the process is shown in Figure 5-28.
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Several trends are noticeable. As the particle radius approaches 0.1 mm, the conversion
time reaches kinetically controlled conditions. Therefore, the y-axis intercept represents the
minimum conversion time in the absence of heat transfer limitations. A higher heating rate (50
'C/min) results in expectedly more rapid conversion because the gas temperature ramps to the
final temperature in a shorter time. For a heating rate of 50 'C/min the 0.5 cm particle
approaches Ysmass =0.87 in approximately 18 minutes compared to 41 minutes for a heating rate
of 5 'C/min.
This dependence of conversion time on particle radius becomes highly linear for particles
between 0.5<rp<2cm. This corresponds to conditions where (0.3<Bi<l) and (Py'>1). In order to
represent these effects, the conversion time can be written as a linear combination of the
kinetically limited conversion time and the external heat transfer characteristic time:
TX = Tkinetic ,x + bThe 5-13
Where Tkinetic ,x is the time to achieve a mass yield of X under kinetically controlled
conditions, and the external heat transfer characteristic time scales linearly with particle size:
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The = (PpPsrp product 1h 5-14
The dimensionless coefficient b was fitted through least squares regression and depends on the
ratio of the external heat transfer characteristic time with the time for the reactor to reach its final
temperature, Theatup
0.8 The 5-15
b = 0.896 1 - e Theatup
(T, - Tr,1) 5-16
Theatup = HR
where HR is the reactor heating rate in 'C/sec
This correlation is an over-simplification and is specific to the present model assumptions
of fixed bed conditions where Bi <1 and Py' >1. Nevertheless, the form of the equation (and the
relative magnitude of the fitting coefficient) illustrates which process variables are important to
determining the overall conversion time. The Tkinetic ,x term represents the minimum conversion
time in the absence of heat transfer limitations and can be determined through kinetic
simulations. The represents the effects of external heat transfer limitations and scales linearly
with particle size, heat capacity, and inversely with the convective heat transfer coefficient. The
fitted coefficient b represents the relative importance of external heat transfer limitations to the
conversion time. If b is reduced, the sensitivity of conversion time to particle size effects is also
reduced. From equation 5-15, as the reactor heatup time increases and the particle size
decreases, the magnitude of b decreases. This indicates that lower heating rates (corresponding to
a longer reactor heat up time) and smaller particles reduce the sensitivity of conversion to
particle size effects. This is represented in the data: in the case of a low heating rate (50C/min)
all particles less than 2 cm radius reach the target conversion level in a time between 38 to 55
minutes. In the case of a high heating rate (50'C/min) the conversion time varies between 5.5 to
60 minutes depending on the particle size.
Therefore a tradeoff exists between shorter residence time and greater inter-particle
product uniformity. Unless all particles are sized identically, a high heating rate combined with
high temperature will result in uneven output product. Smaller particles will be converted to a
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greater degree than their large counterparts. These disparities in conversion level may be
unacceptable from an efficiency perspective.
In summary, under fixed bed conditions with low convective heat transfer (8.4 Wm2 K-1)
torrefaction is controlled by a combination of external heat transfer and kinetic limitations.
Increases in particle size beyond a 0.5 cm radius linearly increase the required time to reach
conversion.
5.2.8. Simulation of fluidized bed systems
Fluidized bed process conditions
Fluidized bed reactors are characterized by high external heat transfer coefficients (~200 W m2
K-1) and isothermal reactor temperatures. For a given particle size, the Bi number is expected to
be higher under fluidized bed conditions than under fixed bed conditions. As a result, internal
heat transfer limitations are expected (see Table 5-9). Although internal heat transfer is not
expected to be rate limiting (by the conditions proposed by (Pyle & Zaror 1984) in Table 3-6,
significant intraparticle conversion gradients are expected for the 2 cm particles.
Table 5-9 Characteristic times (sec) associated with fluidized bed conditions comparing small (0.5 cm) and large (2 cm) chips
Characteristic time (s)
T= 300 'C
Transport process or reaction Small particle Large Particle
r,=0.5 cm r,=2 cm
Convective/Radiative Heat Transfer, (pc) R/h 40 160
Conduction Heat Transfer, (pcy) R2 /k 190 3030
Torrefaction reactions, 1/K1 240 240
he =200 W m2K-'
PS = 650 kg m-3
cp, = 2567J kg-3 K-1
k =0.22 W m K-'
K1 ~239 s-I
Fluidized bed simulation results
Figure 5-29 demonstrates the centerline and surface temperature profiles for 0.1, 0.5, 1,
and 2 cm radius particles. The particle surface temperature quickly equilibrates with the reactor
temperature, supporting the fact that external heat transfer resistance under these conditions is
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negligible. However, the centerline temperature profile is highly dependent on the characteristic
time for internal heat transfer (R2/a). Significant temperature overshoots (>20 'C are present
for particles larger than r=0.5cm. Kinetically controlled conditions are reached for r=O.lcm For
the 1 and 2 cm particles, a temperature overshoot of 40 'C is observed.
Figure 5-30 demonstrates the centerline and surface normalized mass profiles for 0.1, 0.5,
1, and 2 cm radius particles. While the surface conversion profiles are similar among various
particle sizes, the centerline conversion profiles vary widely. Initially, the centerline conversion
lags behinds that of the surface. As the centerline approaches the torrefaction reaction
temperatures (200-300'C) the -initially exothermic- reactions release heat. As was shown in
Figure 5-20, the net heat release is most exothermic when 25-30% mass loss has occurred. The
outflow of the heat release in the centerline is limited by large internal heat transfer resistance.
This reversal in heat flow (from radially inwards to radially outwards) is causes a large (up to 40
0C temperature overshoot). This thermal overshoot locally accelerates the particle conversion in
the centerline. As a result, the centerline conversion (in terms of normalized mass loss) exceeds
that of the particle surface. While the outer layers of the particle also experience the same
exothermic reactions, their relative spatial proximity to the gaseous environment reduces heat
transfer limitations. As a result the thermal overshoot is relatively small at the particle surface.
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In summary, the tight coupling between the heat release dynamics and chemical kinetics
conversion, highlights the importance of robust thermochemical modeling and representative
physical property assumptions.
Figure 5-31 and Figure 5-32 illustrates the spatial temperature and normalized mass
profiles, respectively for the torrefaction of a 2cm particle under the same fluidized bed
conditions. This enables an analysis of the depth at which the temperature overshoot exists
within the particle. At 23 minutes the centerline of the particle reaches its maximum temperature
of 339'C with a corresponding mass yield of 63%. At this point in time, the a thermal overshoot
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(greater than 30C) extends from the centerline to 0.8 cm (about half of the distance from the
centerline to the surface of the particle)
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Effect of reactor temperature
The centerline thermal overshoot (and resulting local conversion acceleration phenomena) is
present under for lower reaction temperatures (260,280 C) as well. Figure 5-33 shows the
centerline and surface temperature and conversion profiles for a 1 cm cylindrical particle under a
reactor temperature of 260 and 280 'C. Maximum centerline temperatures of 26 and 13 degrees
are achieved for reactor temperatures of 260 and 280 'C, respectively.
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The thermal overshoot is mitigated with lower reactor temperature: the chemical kinetics are
slower, and the resultant exothermic reactions release heat at slower rate.
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Effect of temperature and particle size on conversion time
Using the overall/average particle mass as metric for conversion does not reflect the
presence of intraparticle gradients. Nevertheless, in Figure 5-34 the residence time required to
reach a particle mass loss of 13% is shown for sizes between 0.01 to 2 cm. The results indicate
that a 2 cm radius particle attains 13% mass loss in a period of 14.75 minutes; however, the mass
loss is in this case is completely non-uniform (and occurs primarily at the surface).
The results illustrate that process sensitivity to particle size is reduced by lowering the
reactor temperature. For example, at 260 'C the conversion occurs in between 16-30 minutes for
all particles. While in the case of 300 'C the conversion takes anywhere from 2.25 minutes to
14.75 minutes depending on the particle size.
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Figure 5-34 Residence time (minutes) to reach Ysmass= 0.87 versus particle radius (cm) for various fluidized bed reactor
temperatures, Tr= 300,280, 260 'C. Convective heat transfer coefficient of 200 W m 2K - with no radiation is assumed.
Temperature has a strong effect on increasing the required residence time: a reduction of
20 degrees in reactor temperature Tr to 280'C doubles the required time under kinetically
controlled conditions.
From a process control perspective, lowering the torrefaction temperature under high
convective heat transfer conditions conditions has two positive effects:
1. Reduces sensitivity to particle size and enabling kinetic control for larger particles.
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2. Reduces the magnitude of local thermal overshoots
Lower reactor temperatures comes at a cost of longer residence time. This increased
residence time is potentially energetically expensive in the case of fluidized bed which requires a
fluidizing agent of pressurized inert gas. Residence time also reduces process throughput or
increases the required reactor dimensions and costs.
In summary, under fluidized bed conditions (or for any reactor with high convective heat
transfer ~200 Wm2 K-), torrefaction is controlled by a combination of internal heat transfer and
kinetic limitations. Internal heat transfer resistance limits the rate at which the exothermic heat
release can flow radially outwards. This causes local thermal overshoot and acceleration of
conversion at the particle center. Particles should be limited to smaller than 0.5 cm radius to
reduce the impact of this effect. Lower reactor temperatures (250-260 C) will also mitigate the
magnitude of the centerline thermal overshoot.
5.2.9. Particle geometry effects
The above analysis has so far assumed cylindrical geometry (with aspect ratio greater
than five) as it most closely approximates biomass particles. However it is possible to model the
biomass with 1 dimensional spherical and slab geometries as well. The heat transfer
characteristics of these geometries are summarized in Table 5-10.
Table 5-10 Heat transfer characteristics for I dimensional spherical, cylindrical and slab geometries. A, is the aspect ratio defined
by the particle length to diameter ratio. 1 dimensional assumptions neglects ends effects so an Ar>5 should be assumed.
Geometry Volume Surface area External heat transfer Shape
characteristic time factor "n"
(sec)
Spherical 4/3rR3  4TR2  pcR 3
3h
Cylindrical 27TArR 3  4nArR 2  pc R 2
2h
Slab (Disk) 27Ar2R3  21R7A2R2 pc R 1
h
For a given radius, the spherical geometry will have the fastest external heat transfer
characteristic time followed by the cylindrical geometry and the slab geometry. This is because
the characteristic time is proportional to the volume to surface area ratio. Additionally, the shape
factor contributes to more rapid internal heat transfer (for a given radius).
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For a given volume however, the rank is reversed. The external heat transfer
characteristic time (sec) divided by volume (m3) is proportional to surface area. As a result, on a
per volume basis, the slab will have the most rapid heat transfer, followed by the cylinder and
sphere. This trend is analyzed and discussed in the context of pyrolysis by (H. Lu et al. 2010).
The effect of geometry is demonstrated by model results in Figure 5-35. Regardless of
geometry, a 0.1 cm particle approaches the kinetic limitation under fluidized bed conditions.
However, for particles larger than that, the sphere reaches the target mass yield in the shortest
time followed by the cylinder and slab. For a 1 cm particle radius, the conversion time for the
slab geometry is approximately two times that of the sphere. In the case of the cylinder, it takes
approximately 1.3 times as long.
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Figure 5-35 Residence time (minutes) to reach Ysss= 0.87 versus particle radius (cm) for various particle geometries for
fluidized bed reactor temperature, T, 300*C. Convective heat transfer coefficient of 200 W m -2K 1 with no radiation is assumed.
5.3. Discussion
Single particle modeling applied to torrefaction has important implications for fixed bed and
fluidized bed reactor designs.
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5.3.1. Implications for reactor design
For both fixed bed and fluidized bed designs, conversion uniformity is has a strong dependence
on particle radius and shape for particles greater than larger than 1 mm.
In the case of a fixed bed design, the intraparticle conversion uniformity is acceptable but the
interparticle conversion uniformity (between particles of differing sizes) is unacceptable when
considering cylindrical particles with radius greater than (rp greater than 1.5 cm). This large
difference in interparticle conversion is mitigated by imposing slower reactor heating rates (less
than 5 'C/min); however slow heating rates result in excessive residence times greater than 40
minutes.
For a fluidized bed design, conversion uniformity is even more sensitive to particle size than
in the case of a fixed bed. Intraparticle conversion gradients become very significant for larger
particles (r, greater than 1 cm). Moreover, due to heat transfer limitations experienced by larger
particles, the exothermic reactions cause temperatures to exceed reactor temperature significantly
(up to 40 C). However, due to the stabilizing endothermic secondary reactions, thermal runaway
is neither expected nor apparent in the model results. These thermochemical phenomena are a
challenge to practically measure and pose difficult process control issues and tradeoffs. The large
temperature gradients (and resulting conversion gradients) can be mitigated by lowering the
reactor temperature (to less than 240 C); however this incurs very long particle residence times
greater than 60 minutes.
For both fluidized and fixed bed reactors, in order to achieve high product uniformity for
large particles, long residence times are required. Long residence times reduces product
throughput and/or increases capital and operational expenses in the form of additional or larger
reactors. For a fluidized bed design, the increased residence time will also have high energy
costs due to the gas pressurization requirement for attaining the fluidization velocity. Since fixed
beds do not require high gas velocities the marginal energy cost associated with longer residence
time would not be as high. Therefore fixed beds require less energy input to achieve long
residence times.
Both fixed beds and fluidized beds can achieve if short residence times (<12 minutes) if
smaller cylindrical wood particles (rp= 0.5-1 cm radius) are used. Fluidized beds are able to
achieve very short conversion times (of 3-6 minutes) with a reactor temperature of 300 C. At
corresponding particle size and temperature conditions, the fixed bed reactor requires roughly
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double the residence time of 8-12 minutes (due to the lower external heat transfer). However the
energy to grind the raw biomass to this size is potentially high (see Figure 3-5).
In summary, if the target of the process is to achieve uniform conversion with high process
efficiency and long residence time, then fixed bed designs are a better design choice than
fluidized beds because they enable the uniform conversion of large particles. However, if
throughput is prioritized at the expense of energy efficiency and uniformity, then fluidized beds
better fulfill this role because they enable shorter residence times than fixed beds.
6. Summary and Conclusions
6.1. Summary
Biomass gasification to produce liquid fuels is a second generation biofuel pathway which is
energetically and environmentally attractive alternative to traditional first generation fuels such
as corn ethanol. However raw lignocelluosic biomass faces utilization issues related to its low
energy density, variable product characteristics, and high grinding energy. Torrefaction is a
thermal pretreatment process which reduces improves the energy density, storage, grinding, and
handling characteristics of raw biomass. Typical mass yields for torrefaction range between 70-
90% with corresponding energy yields of 85-95%. From a kinetics perspective, torrefaction is
can be modeled well by a two step reaction with the first step being much faster than the second.
The highly oxygenated volatile products of the first step are composed primarily of as steam,
carbon dioxide, and acetic acid. Due to the low heating value of the volatile products, the first
step is mildly exothermic. The net exothermicity of torrefaction is between 0 to -145 kJ/kginitiai
and is maximized for mass loss between 25-30%. As the mass loss exceeds 30% more acidic and
energy dense volatiles such as acetic acid, lactic acid, and methanol are released. These slow
reactions are endothermic, mitigating thermal runaway.
The improvement in grinding properties are significant for solid mass loss greater than
5%. As the mass loss reaches 30%, torrefied wood has a grindability (as defined by the BWI and
HGI) similar to coal. The increase in the solid product heating value (in J kg') occurs linearly
with mass loss (for mass loss between 0-30%). Solid energy yield (in %) declines with increased
mass loss and is 86% as the solid mass loss reaches 30%. Combining the raw and torrefied
biomass grinding energy along with the mass/energy yield allows a process efficiency to be
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defined. Process efficiency is greatest for mass loss between 10-13%, depending on the final
target size of the torrefied wood.
Torrefaction is characterized by internal and external heat transfer and kinetic limitations.
Heat transfer limitations are significant for particles larger than 0.5-1 mm. Common reactor
models fall into either two categories. Fixed beds (and moving beds) are characterized by low
external heat transfer coefficients and can have a non-isothermal temperature profile. Fluidized
beds are characterized by high external heat transfer coefficients with isothermal operation. In
both cases, product uniformity is highly sensitive to particle size. In the case of fluidized beds,
intraparticle temperature and conversion gradients exist in larger 1 cm radius particles. Both
fixed beds and fluidized bed designs can increase residence time (either by reducing heating rate
or temperature) which reduces the process' sensitivity to particle size.
6.2. Areas for future work
Future areas for work related to torrefaction pertains to the existing single particle model as well
as to higher scale (reactor scale and system scale) modeling efforts.
6.2.1. Single particle model
The single particle model assumed dry biomass product as an input and therefore did not require
modeling the concentration of gaseous species (i.e steam) and particle pressure. By adding
drying kinetics, the dynamics of performing drying and torrefaction simultaneously can be
studied. Additionally, the drying model would require internal and external convective mass and
heat transport models and adding these components may result in a more accurate and
representative model. Lastly, by adding an additional spatial dimension (length) instead of just
one (radial), cylindrical biomass particles with low aspect ratio cylinders (Ar< 5) could be
modeled
6.2.2. Particle size and shape characterization
In addition to particle size, the geometry significantly affects the conversion time. Biomass
particle size distributions and their dependence on grinding method, final particle size, and level
of torrefaction has seen initial studies by (Bridgeman et al. 2010; Miao et al. 2011). However
further research is needed to characterize biomass particle shape as a function of size. With this
additional modeling, on particle characterization it would be possible to model the conversion
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properties of a distribution of particles (containing particles of various shapes and sizes) rather
than a single particle at a time. This would more accurately represent the environment in which a
torrefaction reactor.
6.2.3. Reactor design and analysis
Larger scale reactor models which incorporate simplified results from the current single
particle model may provide insight to reactor specific parameters such as size, flow rates, and
heating requirements.
In addition to the aforementioned issues of process efficiency, residence time, and product
uniformity, the design choice between fixed bed versus fluidized beds will also ultimately be
influenced by other cost, scale, and operational considerations. More research into these cost
and operational issues is needed to make a conclusive recommendation of one technology over
the other.
6.2.4. System flowsheet modeling and technoeconomic analysis
The pretreatment step is only a single portion of a long chain of steps required to produce FT
liquids. Choice in downstream components strongly affects choice of upstream components (and
vice versa). Therefore improved modeling of the costs and energy requirements associated with
collection, storage and transport steps is necessary to determine the optimal scale and location of
torrefaction units. Downstream process requirements (i.e gasifier and FT scale and type) will
also affect the choice of whether and how much torrefaction is utilized and determine the
feasibility of system integration.
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Appendix A Conservation Equations
A.1 Torrefaction kinetics and conservation equations
Torrefaction kinetic mechanism published by (M. J. Prins 2005)
dA A.1-1
rA - -- (1 V1 *A
rB = 1) * A ~ (k2+ kV2 )* B A.1-2
dC Al1-3
rc at (k 2 ) * B
dV1 A. 1-4
rv = t= (kv) * A
dV2 A. 1-5
rv2 5t= (kv 2 )* B
Where X is the mass of component X in (kg)
ax is the rate of change of mass of the component X in (kg/s),
and the rates are represented by Arrhenius type temperature dependence:
ki = Ae-Ei/RT A.1-6
The step one reaction consists of 1 kg of A reacting competitively to form # kg of B and v kg of
VI. The step two reaction consists 1 kg of B kg reacting competitively to form y kg of C and {
kg of V2. These are summarized in the first order reaction rate:
A - flB +vV1 A.1-7
B -+ yC + fV2 A.1-8
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The relative rates of reaction are defined by fl, v, y, (. In order to determine the relative rates,
the rate laws must be written for each reaction. The first reaction step consists of three rate laws
which define the specific reaction rates:
rA,1 ~ - + v1)* Adt 1
dB
rBl kdt 1
dV1
ry1,1 ky1A
dt1
A.1-9
A.1-10
A.1-11
Similarly, the second step consists of another three rate laws:
dB
TB,2 -d - (k2 + kv 2 )* B
dt 2
Tc,2 =k 2B
dt 2
dV2
rv2,2 = dt 2
= kv 2 B
The relative rates are positive, dimensionless and defined by the formation rate of product
divided by the decomposition rate of the reactant:
TB,1 k1 *A
-rA,1 (k1 + kv1) * A
rvi,1 .kv1 * A
-rA,1 (k1 + kvi) * A
rc,2  k2 * By= =
-TB,2 (k2 + kv 2 ) * B
rv2,2 kv 2 * B
-rB,2 (k 2 + kv 2 )* B
k, + kv,
kvi
k1 + kv 1kv1
k2 + kV2
k2  2k2 + kv2
A.1-15
A.1-16
A.1-17
A.1-18
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A.1-12
A.1-13
A.1-14
A.2 Solid product species conservation
From the Reynold's transport theorem (RTT), relates the time derivative of any extensive
property of an open control volume to the flows entering and leaving it:
d vZr>A.2-1fpf dV = Mi fi - fiif,
in out
Where f is any extensive property.
Substituting f = wn,c where wn,c is a carbon mass fraction (in kgcarbon/kg) and applying the RTT
to the solid control volume, the carbon mass conservation equation can be written as:
d(msws,c) dmv1 dmv1 A.2-2
dt dt wvc dt wvzc
Where
ms is the mass of solid (in kg)
mvi is the mass of V1 (in kg)
mv2 is the mass of V2 (in kg)
ws,c is the carbon mass fraction of the solid (in kg/kg)
wV1,C is the carbon mass fraction of VI (in kg/kg)
wv1,c is the carbon mass fraction of V2 (in kg/kg)
Rewriting the time derivatives in terms of the kinetic rate expressions:
d(msws,c) A.2-3
dt = Tviwv1,c - Tvzwv 2 c
S is the mass of solid (in kg)
A is the mass of pseudo-component A (in kg)
B is the mass of pseudo-component B (in kg)
Similar steps can be carried out for the hydrogen, and oxygen mass conservation equations:
d(msws,H) A.2-4
dt = vwv,H rv2wv2H
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d(msws,o) 
_ A.2-5
dt = v1Wv,o - Tvzwvz,o
The initial conditions for such the system of ODE's depends on the ultimate analysis of the
raw biomass product. The ultimate analysis of raw willow from (M. J. Prins 2005, p.123) (on a
ash free, nitrogen free basis) was used as initial conditions:
Wc,i= 0.4796 k9carbon /kgwiuo,
Ws,H,i 0.06199 kgcarbon /kgwiulow
w,,1= 0.4583 kgoxygen /kgwiulow
A.3 Pyrolysis kinetics and conservation equations
The pyrolysis kinetic mechanism from (Colomba Di Blasi 1996) includes tar cracking reactions
(reaction 4 and reaction 5). It has also been used in single particle pyrolysis models published by
(Font et al. 1990), (Thurner & Mann 1981), (Chan et al. 1985), and (H. Lu et al. 2010).
Gas
A~ k k4,P
Wood 2 Tar
~k ,
Char
Pyrolysis kinetics conservation equations:
dW = -(ki,p + k 2, + k3 ,P) *W A.3-
dt
dC A.3-2d= (k3,P) * W + (k5,P) *.-
dG A.3-3
= (kip) * W + (k 4 ,p) * T
di A.3-4
= (k 2,P) * W - (k 4 ,p + k5 ,P) *
Where X is the mass of component X in (kg)
is the rate of change of mass of the component X in (kg/s),at
W represents wood
G represents gas
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T represents tar
C represents char
Reported kinetic values for kip through k5, are shown below. They vary widely between the
original source and type of wood. In some cases the original kinetic mechanism may not have
included tar cracking reactions (reaction 4 and reaction 5). As a result they are left blank.
Source: Rate k,, k2,, ks,, k4,, ks,
(Thurner & Mann 19 81) E,, (J/mol ) 88600 112700 106500
(Oak sawdust) kp (s-) 8.607*10' 2.475 *108 4.426* 107
(Chan et al. 1985) Eact (J/mol) 140000 133000 121000
(Undefined sawdust) ko (s-) 1.3*108 2.0*108 1.08*107
(Font et al. 1990) Eact (J/mol) 139200 119000 73100
(Almond shells) ko (s-) 1.52*107 5.85*106 2.98*103
(Liden et al. 1988; C. Di Eact (J/mol) 108000 108000
Blasi 1993)
(Wood) ko (s1) 2.6*106 1.0*106
(H. Lu et al. 2010) citing Eact (J/mol) 177000 149000 125000 107500 107500
(Wagenaar et al. 1993)
(Pine wood) ko (s-) 1.11*1011 9.28*109 3.05*107 4.28*106 1.59*105
(Colomba Di Blasi & Eact (J/mol) 152700 148000 111700
Branca 2001)
(Beech) ko (s-) 4.379*109 1.077*1010 3.269*106
(Grnli & Melaaen 2000) Eact(J/mol) 140300 133100 121300 80000
(Spruce)
ko (s-) 1.3*108 2*10' 1.1*107 2.3*104
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Enthalpy of reaction (defined by equation 4-30) for reactions 1 through 5 are shown below.
Source: Ahi 1h2  Ah3  Ah5  Ah5
HGJ HT, - Hw,f Hcf - HW,f HG,f - HTf Hc,j - HT,[
- Hwf Jkg' Jkg-' Jkg-1  Jkg-1
J kg-1
(Colomba Di Blasi
1996)
and 418000 418000 418000 -42000 -42000
(Chan et al. 1985)
(Grenli & Melaaen 15000 15000 15000 -50000 -50000
2000)
As was done in (Colomba Di Blasi 1998) the heat of reaction for each step (in J/kg) is a
combination of the heat of reaction term and the differences in specific heat times the
temperature:
AH1 = Ahi + (CPG - cpw)(T - T0 )
AH2= Ah2 + (cPr - cpw)(T - TO)
AH3 = Ah 3 + (cpc - cpw)(T - TO)
AH4= Ah4 + (CPG - CpT)(T - TO)
AHs = Ah 5 + (cPc - CPT)(T - TO)
Where cpp is the specific heat of the component "p". Therefore if the product has a specific heat
which is lower than the reactant, that will contribute an (negative) exothermic component to the
overall heat of reaction term for that step, A H,.
The overall heat of reaction rate for pyrolysis r,py, in K s4 can be written in terms of the
individual heats of reactions multiplied by the rates at which those reactions occur.
qrpyr
(ki) * pw [AH 1 ] + (k2 ) * pw[AH 2] +* (k 3 )Pw[AH 3] + (k 4) * PT [AH 4] + (k5) * pT [AH 5 ]
Peff Cp,eff
A.3-5
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A.4 Reactor enthalpy conservation
The reactor heat requirements can be illustrated by drawing an enthalpy control volume:
ft Qin
(Heat input)
2
if* Hv(tf)
(Volatiles enthalpy)
Torrefaction
MA * HA Reactor
Raw wood enthalpy C
MN * N (tf)
A
Torrefied wood enthalpyft.
(Heat of reactions)
Where Hx is the total enthalpy of a component in J kg 1, mN is the mass of component in kg and
Qin is the reactor heat input in W and Qr is the heat of reactions in W. Applying conservation of
energy, the net heat input Qnet (in J) is given by:
2 C A.4-1
Qnet = mVN * HVN (tf ) + Y MN * HN(tf) - MA * RA
1 A
Where the relation between, Qnet , and Qin and Qr is given by,
Qnet = ftf in + ftf Qr A.4-2
0 0
By this convention, endothermic reactions have (Q, > 0) and exothermic reactions result in
(Qr < 0).
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Appendix B Higher heating value correlations
All heating value correlations are based on the ultimate analysis of solid fuel on a dry basis
Boie (original) from (Boie 1953)
HHV = (151.2(%C) + 499.77(%H) - 47.7(%0) + 45(%S) - 27(%N)) * 2.326 B-1
Boie (with bias adjustment) from (Institute of Gas Technology 1978)
HHV = (151.2(%C) + 499.77(%H) - 47.7(%0) + 45(%S) - 27(%N) - 189) * 2.326 B-2
Bridgeman from (Bridgeman et al. 2008)
HHV I = 1.87(%C) 2 - 144(%C) - 2802(%H) + 63.8(%C)(%H) + 129(%N) + 20147 B-3
kg]
HHV = 5.22(%C) 2 - 319(%C) - 1647(%H) + 38.6(%C)(%H) + 133(%N) + 21028 B-4
Mason & Gandhi from (Mason & Gandhi 1983)
HHV = (198.11(%C) + 620.31(%H) + 80.93(%S) - 44.95(%A) - 5153) * 2.326
Dulong from (Selvig & Gibson 1945)
[425( B-6
HHV =(145.44(%C) + 620.28(%H) + 40.5(%S) - 77.54(%O)) * 2.326
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Appendix C Heat of formation derived from heating value
C.1 Combustion stoichiometry
Complete combustion is represented by the following stoichiometry in equation C. 1-1:
Ca Hb Oc + x0 2 = yH20 + zCO2 C.1-1
Where, a, b,c,x,y,z are in units of mols.
By applying conservation of carbon, hydrogen and oxygen species, x,y, and z can be
defined in terms of a,b,c in equations C.1-2, C.1-3, and C.1-4:
x = (2a + b/2 - c)/2
y = b/2
z = a
C. 1-2
C.1-3
C. 1-4
C.2 Heat of combustion
The heat of combustion is related to the heats of formation of reactions and products by equation
C.2-1
Qreaction = -HHV =
products
rcf - Yn
reactants
Rf C.2-1
Where: HHV is the higher heating value of a fuel (reported as a positive number) in either [J/kg]
or [J/mol]. Note, combustion is exothermic and therefore the heat of reaction is the negative
higher heating value. Note that HHV can be converted to LHV (and vice versa) by equation
LHV = HHV - Y * (RH20,vap,f - HH2 0,1iqf) C.2-2
Applying the stochiometry equations and substituting the heats of formation for the
combustion products (water, and carbon dioxide) results in C.2-3
-HHV [ J1=y * (-285.83) [i]+ z * (-393.522) K ' [ki rk~ X* 0 [
mol]1 [moli101 [mol ca1boc0f IH7 - mol() l-~
C.2-3
Converting HHV to a molar basis and rearranging gives the heat of formation in kJ/mol as shown
in C.2-4:
I~ HHV I(a * 0.012011±+ b * 0.001079±+ c *0 016~~k 1 rk ~ r~fHb Ocf LmoIJ kg + mliy * (-285.83) [-j' + z * (-393.522) C.2-4
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